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Introduction 


well-accepted fact that the production 
textile yarns and fabrics, and large, has been 
art rather than science, but there has developed 
during and since World War ever-increasing 
demand create textile structures for specific end- 
purposes. the past has been considered 
cient design fabrics ‘‘serve the rather 
than serve specific purpose. Considering first 
the fiber and then the singles yarn, and projecting 
these basic elements structure through weaving 
and finishing techniques into ultimate use, must 
apparent that without adequate knowledge 
physical properties and mechanical behavior, there 
relatively remote possibility achieving 
specific end-use requirement the finished product 


This paper, issued Quartermaster Textile Series Report 
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Textiles are seldom designed withstand single 
stress strain application high magnitude. The 
conventional structures are likely subjected 
long usage, and, during their lifetime, experi- 
ence series repeated stress strain applications 
and removals. 

For the proper engineering design any struc- 
tures—and textiles are exception—the end-use 
requirements must defined quantitatively. The 
knowledge the type and magnitude the various 
stresses and strains encountered service 
basic prerequisite. Furthermore, the significance 
the effects stress-strain relationships me- 
chanical behavior and the significance the rela- 
tionship mechanical manipulation the stress- 
strain relationships must determined. 

The most general and encompassing criterion 
performance any material structure dura- 
bility, for durability connotes both time destroy 
and rate failure. Time destroy, time 
cause given degree destruction, type 
failure, expresses the life expectancy the material 
resulting from the influences external effects. 
Rate failure depicts the changing condition 
the material proceeds destruction resulting 
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from the influences external effects. resist 
destruction, the material must capable ab- 
sorbing energy imparted upon stress strain 
application and must capable releasing this 
energy upon removal stress strain, without 
the occurrence failure. 

Failure commonly, and textiles probably 
exclusively, associated with rupture. The proper 
dictionary definition falling short; 
deficiency lack. Omission When 
considered according the proper definition, 
becomes immediately obvious that rupture but 
one special case failure, depending upon ultimate 
material properties. 

Considering that textile structures are seldom 
subjected end-use requirements where rupture 
the absolute criterion acceptability, failure must 
considered relate such deficiencies, lacks, 
omissions perform where rupture neither 
contemplated nor involved. Viewed this light, 
any omission perform end-use truly failure, 
and the evaluation performance characteristics 
must undertaken with this interpretation firmly 
mind. 

The occurrence any deformations, whether 
static dynamic, permanent transient, large 
small, contribute detract from the accepta- 
bility the ultimate product, depending upon the 
effects required the ultimate application under 
service conditions. Thus, adequate flexibility, com- 
pressibility, and surface characteristics, among other 
properties, contribute satisfactory hand. The 
absence permanent creases transient creases 
some limiting magnitude and persistence con- 
tribute satisfactory crease-resistance. The de- 
velopment pleasing folds configurations under 
various conditions equilibrium static dy- 
namic forces creates some measure drapability, 
the degree perfection depending upon the end-use 
requirement and personal taste. The ability 
structure return its undistorted state after the 
removal externally applied stress strain 
measure its dimensional stability. 

This partial list examples illustrates the fact 
that failure the ultimate product evidenced 
any omission perform, resulting from some type 
and extent deformation. 

Reference the characteristic stress-strain curves 
the various commercial fibers, both natural and 
man-made, reveals that these curves may, gen- 
eral, broken down into three more less distinct 
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regions—namely, the initial slope region, the yield 
region, and the stiffening region. 
note that imperfectly elastic materials 
manifesting the presence nonrecoverable defor- 
mation component) behave like completely elastic 
materials loads below the yield point; that is, 
only two deformation components exist—namely, 
the immediate elastic and the delayed elastic defor. 
mations. Thus, the initial portion the 
strain curve imperfectly elastic material 
hibits the samé type behavior without mechanical 
conditioning does the entire stress-strain curve 
the conditioning load after mechanical con- 
ditioning has been completed [9]. 

Since durability not necessarily characterized 
the rupture properties materials, im- 
portance consider the possibility determining 
the magnitudes and significance the stresses and 
strains which textile materials may normally 
subjected service. 

When the engineer designs the steelwork any 
structure, deals with material which has 
modulus elasticity 30,000,000 in. and 
yield stress 40,000 in. The concomi- 
tant yield strain 0.133%. obvious that 
concerned mainly with the stress-bearing ability 
the steel skeleton, since assumes (and actually 
works with) extremely small deflections. The tex- 
tile designer, the other hand, deals with some 
materials which exhibit yield stresses the order 
magnitude that structural steel, but which 
exhibit strains from 200 times those steel. 
Furthermore, the textile designer generally less 
concerned with stress-bearing ability than 
with strains over very wide range magnitudes 
for the fabric whole. However, the range 
strains which the basic structural 
the fibers—are subjected may much more lim- 
ited, and the strains may considerably lower 
order. 

These latter comments may appear incongruous 
first consideration, but moment’s reflection 
fabric comprised fiber such ramie will serve 
point their practical aspect. The average 
ultimate strain ramie fiber 33%. When 
fabric folded over itself (180° bend), the strains 
present the surface the fabric the bend 
could high 100% the were not 
comprised units free move relative one 
another. Yet when the component yarns are re- 
moved and untwisted, and the fibers examined, few, 
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any, ruptured fibers are observed result 


the sharp folding the fabric which they 


integral part. Since their ultimate strain 
tension only may therefore reasoned 
that the fibers themselves were subjected some 
strain less than ultimate strain. The fact that 
practicable employ fibers exhibiting extremely 
low strains one piece evidence that they are, 
normal structures, subjected strains low 
order magnitude. 

For further substantiation this hypothesis, 
composite effects fiber, yarn, and fabric geometry 
must considered. has been stated previously 
that failure the ultimate product evidenced 
any omission perform resulting from some type 
and extent deformation. Thus, any com- 
posite structure permanent deformation any 
component part may contribute to, itself 
create, condition which may classed failure. 
Permanent deformations may result from two major 
causes—namely, rigid body translation rotation 
and rigid body deformation. Rigid body transla- 
tion rotation spatial effect, resulting from 
repositioning components movement into 
voids the structure. Rigid body deformation 
deformation the structural element itself, and 
when such deformation the result exceeding 
the yield point the material, permanent inherent 
deformation results. 

Freedom element translate rotate 
within the gross structure may result permanent 
deformation the gross structure, without perma- 
nent deformation the element itself. The type 
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and extent this deformation has marked bearing 
the distribution stress and strain the system. 
The configuration elements within the structure 
determines the extent which each type stress 
strain exists within the structure. Thus, con- 
figuration elements may classed form rigid 
body effects, contrasted with the inherent rigid 
body effects, immediate elastic deformation, de- 
layed elastic deformation, and permanent deforma- 
tion the substantive material which the gross 
structure comprised. obvious that for 
rigorous evaluation stresses and strains fabric 
which subjected the application external 
forces, the inherent physical properties the ele- 
ments and the form factors affecting their trans- 
lation into successive structural components must 
known must developed. Some these 
properties and factors have already been deter- 
mined for fibers and yarns [14, but much still 
remains developed for fabrics. this time, 
therefore, only general semiquantitative analysis 
the effect geometry .of fabric structure 
internal stresses and strains can attempted. 


Analysis Strains Developed Bending 


Consider first the analysis the deformation 
zero-twist yarns which are monofilamentous 
nature. Such structures imply that there can 
relative motion the axial elements. The 
strain the outermost surface the monofil will 
maximum (100%) the yarn bent 180° upon 
itself. The strains will decrease with increase 
radius curvature the unit around which the 
bend made. The tensile strain, e,, developed 
axial bending may derived from the following: 


where distance any element the cross sec- 
tion from its neutral axis, radius curvature 
the neutral axis, diameter the bent struc- 
ture, and diameter the unit around which 
the structure bent. (See Figure 1.) 

would more representative consider the 
average strain the tensional side single ele- 
ment, rather than the isolated condition which 
prevails point the outermost surface the 
average value in- 


bent untwisted element. 
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duced tensile strain may derived from 


edA 


(2) 
from which 

(3) 

Values and calculated from equations (1) 
and (3), respectively, are shown Table and 
plotted Figure 

From Table and Figure apparent that the 
average strain, decreases rapidly and then levels 
off the ratio d;/d, increases. The value 
100% for the case the 180° bend the 
structure upon itself, with buckling occurring 
the compressive side. 

Consider now the analysis the deformation 
zero-twist yarns which are multifilamentous 
nature. Such structures imply that there can 
relative motion the axial elements. 
this paper that complete freedom axial motion 
exists among the filaments. 

the analysis these structures, certain assump- 
tions idealized geometric configuration the 
elements yarn structure will made follows: 


(1) The cross section any element yarn 
structure perfectly circular. 

The elements cross sections lie rota- 
tionally symmetrical array around circular central 
element, the center which coincides with the yarn 
axis. 


BENDING MONOFILS 
(%) 

(outermost portion (average tensile 
monofil) side monofil) 
0.0 100.0 

0.5 66.7 28.2 

1.0 50.0 21.2 

2.0 33.3 14.1 

3.0 25.0 10.6 

5.0 16.7 

7.0 12.5 5.3 

9.0 10.0 4.25 
11.0 8.33 3.54 
13.0 7.14 3.03 
15.0 6.25 2.65 
17.0 5.55 2.36 
19.0 5.00 2.12 


assumed 
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(3) The rotationally symmetrical array com. 
prised concentric circles, the first which 
twice the diameter individual element 
section; subsequent circles increase diameter 


factor twice the diameter the element 


cross section. The circumferences these circles 
are the loci the centers the individual circular 
elements cross section. (See Figure 3.) 

(4) Plane sections elements cross sections 
remain plane bending. 


Certain modifying factors will required 
approximate more closely actual structural 
Such factors will discussed the appropriate 
sections this paper. 

Figure represents the idealized geometry 
cross section normal the yarn axis zero-twist 
yarn. The elements are circular. When twist 
introduced, apparent that these elements 
cross section will appear ellipses whose major 
axes lie circumferentially and whose minor axes lie 
radially. The increase ellipticity function 


MONOFIL 
SIDE MONOFIL 


oO 2 a 6 8 10 12 (4 6 


Fic. strains developed bending monofils. 
| 


| b 

40. 
we: 


1952 


the sine the helix angle, assuming rigid body 
deformation occur the individual elements 
cross section. The maximum helix angle possible 
permit undistorted rotationally symmetrical 


fit the elements the cross section occurs 


excess this value must accompanied in- 
creases yarn diameter, which will vary in- 
versely the cosine the helix angle, unless: 
(1) the packing factor lower than that dictated 
the idealized structure; (2) the elements the 
yarn structure are, themselves, capable rigid 
body deformation (compressible otherwise de- 
formable), whereby higher state aggregation 
may achieved without increase yarn diameter. 

Referring Figure consider the effect in- 
creases helix angle upon the number elements 
which can accommodated any ring, 
permit undistorted fit. The circumference, C,, 
the yth ring The maximum 
number elements possible for the undistorted 
fit, 


Table depicts the effect variations helix 
angle the maximum possible number elements 
for various values 


Fic. configuration yarn cross section 
(packing factor 0.75). 
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Also interest considering the idealized geom- 
etry the effect increase total number 
elements the cross section the packing factor. 
Packing factor defined 


A ’ 

where area the solid material contained 

the cross section, and area the circum- 

scribed (bounding) circle enclosing the cross section. 

total number elements the cross section, 


where diameter the bounding circle. There- 
fore, 


Thus 
us 
A, qv + + 1) ] 1 + 3y + 3y? (5) 


Table III depicts the relationships the total 
number elements the cross section, the 
number elements diametrical ring, and 


the ring number, the packing factor, 


apparent that the packing factor stabilizes 
rapidly with increase 


TABLE 
Maximum number elements 
ring for 
10° 6.18 12.36 18.54 
17°15’ 6.007 6.00 18.00 
20° 5.907 5.90 11.80 17.70 23.60 29.50 
5.69 11.38 22.76 28.45 
30° 5.44 10.88 16.32 21.76 27.20 
35° 15.42 20.56 25.70 
40° 9.62 1443 19.24 24.05 
45° 4.44 8.88 13.32 17.76 22.20 
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TABLE III 

1.000 
0.778 
0.760 
0.755 
0.753 
0.752 
0.750 


The idealized yarn structure adopted for this 
paper results packing factor 0.75 for the 
untwisted state. Commercial twisted yarns made 
from cotton, acetate, and viscose each yield packing 
factors the order 0.60, indicating state 
aggregation the actual twisted yarns lower than 
that the idealized untwisted yarns. Since 
recognized that certain modifying factors will 
required approximate more closely actual struc- 
tural forms, appears reasonable, result the 
foregoing, modify the diameter the idealized 


“effective yarn for use calculating 
more realistic values strains developed from 
bending. 

the bent structure constructed that 
metrical line the cross section, and diameter 


bent through 180°. 
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individual element, then the average strain 
suffered the outermost element (Figure 


d,/2 
d; dy; 


(2n 


and the average strain suffered the 
element (Figure 

From equations (6) and (7) apparent that 
the average tensile strain developed axial bend- 
ing the innermost element will greater than 
that developed axial bending the outermost 
element, since the radius curvature the neutral 
axis the innermost element less than that 
the outermost element. 

Table and Figure depict the effect varying 
and the developed average tensile 
strain the outermost element, while Table and 


(7) 


Fic. Developed average tensile strains outermost 
element multifil (corrected packing factor 0.60). 
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train TABLE IV. MULTIFIL—VALUEs (%) CORRECTED PACKING 0.60 
d;/d. 
0.0 1.0 1.5 2.0 3.0 3.5 4.0 4.5 5.0 
42.3 21.2 16.9 14.1 12.1 10.6 9.44 8.46 7.66 7.07 
7.40 4.66 3.94 3.40 2.98 2.68 2.42 2.21 2.03 1.88 
4.15 2.70 2.28 1.98 1.75 1.57 1.42 1.30 1.20 1.11 
2.98 1.97 1.60 1.39 1.24 1.14 1.01 0.92 0.85 0.79 
(6) 1.45 1.24 1.08 0.96 0.86 0.78 0.71 0.66 0.61 
d;/d. 
0.0 1.0 1.5 2.0 3.0 4.5 5.0 
(7) 42.3 21.2 16.9 14.1 12.1 10.6 9.44 8.46 7.66 7.07 
42.3 9.72 7.01 5.48 4.51 3.82 3.32 2.93 2.62 2.38 
42.3 6.42 4.51 3.47 2.82 2.38 2.05 1.81 1.62 1.46 
42.3 4.78 3.31 2.54 2.05 1.73 1.49 1.31 1.17 1.05 
that 42.3 3.82 2.80 2.00 1.62 1.35 1.17 1.03 0.91 0.82 
end- 
than TABLE VI. (%) CORRECTED PACKING FACTOR 0.60 
c 
most 
0.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
12.6 6.31 5.06 4.18 3.58 3.13 2.79 2.53 2.30 2.12 
7.56 3.78 3.02 2.54 2.24 1.89 1.66 1.50 1.36 1.24 
5.40 2.71 2.15 1.81 1.55 1.35 1.21 1.10 0.98 0.91 
4.23 2.12 1.66 1.40 1.21 0.95 083 
and 3.43 1.71 1.37 1.14 0.98 0.86 0.76 0.69 0.62 0.57 
2.52 1.26 1.01 0.84 0.72 0.63 0.56 0.50 0.46 0.42 169 
Nel 
@ 
@ nz5 Ned 
O Ne37 
@ nz9 


Fic. Developed average tensile strains innermost Fic. Developed average tensile strains center ele- 
element multifil (corrected packing factor 0.60). ment multifil (corrected packing factor 0.60). 
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Figure depict the effect these variables the 
developed average tensile strain the innermost 
element. Table and Figure depict the effect 
varying and the developed average 
tensile strain the center element. The value for 
the center element reasonable approximation 
the average strain all the elements the cross 
section. 

The foregoing evaluation tensile strain result- 
ing from the axial bending one element around 
another has assumed the monofilament and multi- 
filament yarns possess zero twist. For such 
structures, each element the cross section remains 
fixed distance from the center curvature 
the structure around which bent. When 
twisted structure substituted for one zero twist, 
the analysis strains developed bending 
complicated the fact that the helical paths 
the elements the cross section preclude their 
maintaining this fixed distance from the center 
curvature. section will rotate through 
360° and simultaneously translate along its axis 
distance equal the inches per turn twist before 
will again occupy position such that all its 
individual elements will register with their original 
positions relative the center curvature the 
structure around which the bend made. 

Since, for each element the cross-sectional area 
displaced, other similar elements progressively 
occupy similar positions along the axis the bent 
structure, differential element length along the 


structure will considered, the geometry which 


will assumed identical with any finite 
portion the length under consideration. 
Consider now the effect helical paths the 
axes the yarn elements (fibers filaments the 
case singles yarns), where the axes such helices 
are straight lines. This the condition which 
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exists for twisted singles yarn its unbent state 
The yarn elements now suffer curvature, the mag. 
nitude which dictated the helix 
and helix angle. (See Figure 8.) The 
tensile strains induced this bending the yam 
elements into helix may derived from 
following, assuming the outside diameter the 
yarn remain constant with variations helix 
angle: 


where distance any element the cross 
tion from its neutral axis, radius curvature 
the neutral axis, radius the helix for 
the particular ring elements under consideration, 
section, diameter the yarn, 1.12D 


diametrical ring. 

Table VII and Figure depict the effect vary- 
ing and the developed average tensile 
strain the outermost element unbent twisted 
structure. 

order determine the average the devel- 
oped average tensile strains all elements the 


cross section unbent twisted structure, account 


must taken the effects resulting from varying 
helix angles due the positions elements within 


Fic. representation twisted singles yarn: 
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given cross section. Equation (8) applies for the 
determination average tensile strains developed 
bending yarn elements into helix. spe- 
cific, however, all elements particular ring 
and, the case cited this paper, the ring con- 
sidered the ring encompassing the elements 
suffering the greatest strain since they lie the 
surface the yarn angle the yarn axis. 
All other elements the cross section suffer lesser 


TABLE VII. DEVELOPED AVERAGE STRAINS OUTERMOST 
ELEMENTS DUE INDIVIDUAL 
ELEMENTS INTO YARNS 


10° 20° 30° 45° 
0.54 2.10 4.49 8.98 
0.28 1.08 2.31 4.61 
0.19 0.72 1.55 3.10 
0.14 0.55 1.17 2.33 
0.11 0.44 0.94 1.87 
0.09 0.37 0.78 1.56 127 
0.08 0.31 0.67 1.34 169 
0.07 0.27 0.59 1.17 217 
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Fic. Developed average tensile strains outermost 
elements unbent multifils due twisting individual 
elements into yarns (corrected packing factor 0.60). 
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strains due twisting, the magnitude which 
function their distance from the yarn axis. 

the developed average tensile strain for 
all elements the yth ring, then, from equation (8), 


sin 


the cross section, diameter the circum- 
scribed circle elements the yth ring, and 

For multifilamentous yarns where the diameter 
the yarn large comparison the diameter 
tion for may written: 


The average the developed average tensile 
strain all elements the cross section unbent 
twisted multifils may expressed 


ring, and total number elements the por- 
tion the cross section under consideration. 


where the surface ring corresponding 
elements the partial cross section. 


surface helix angle, then 
tan 
tan 
n—1 


the foregoing may rewritten 
row (2y, 1). 
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Substituting the foregoing relationships into equa- 
tion (9), there results: 


(10) 


Figure depicts the effect varying the 
average the developed average tensile strains 
all elements cross section twisted 
structure, The values are given 
Table VIII. 

has been shown [14] that the unit tensile 


the yarn axis related the yarn tensile strain 


Since cos? equal less than unity, clear 
that for all helix angles greater than zero the strain 
any element less than the yarn strain. 
addition, has been shown [14] that the further 
the element from the yarn axis, the larger the value 
and, therefore, the smaller the value cos? 
Hence, the further the element from the yarn axis, 
the smaller the strain the element. 

The average total developed average tensile 
strains all elements cross section bent 
twisted multifils the sum the average strain 
due twisting the multifil while maintaining its 
axis straight line and the average strain developed 
bending the untwisted multifil, multiplied the 
cosine squared the helix angle. Since the helix 
angle increases from the central element the cross 


TABLE VIII 
(%) 0.0 1.0 1.5 
10° 0.492 12.3 4.95 
0.141 
0.084 3.36 1.34 
0.059 2.46 
20° 0.632 11.8 5.93 4.76 
0.191 
0.111 1.29 
0.078 
30° 1.35 10.8 4.35 
0.248 
0.156 2.16 1.08 0.87 
45° 2.69 8.68 4.35 3.49 
0.929 
0.553 2.36 0.95 
0.299 0.70 
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section the surface elements, reasonable ayer. 
age value based area cross section 


Fic. 10. Average developed average tensile strains 
all elements cross section due twisting individual 


elements into yarns (corrected packing factor 0.60). 


(cos? (%) for of: 


2.0 


4.10 
1.77 
0.82 


3.94 


1.71 
1.07 
0.79 


3.60 
1.56 
0.98 
0.72 


2.89 
1.25 


0.79 


0.58 


2.5 
3.51 
1.52 
0.96 
0.71 


3.36 
1.46 
0.92 
0.68 


3.08 
1.33 
0.84 
0.62 


2.47 
1.07 
0.68 
0.50 


3.0 
3.06 
1.32 
0.84 
0.62 


2.94 
1.27 
0.81 
0.59 


2.69 
1.16 
0.74 
0.54 


2.16 
0.93 
0.59 
0.44 


3.5 
2.73 
1.18 
0.75 
0.55 


2.62 
1.14 
0.71 


0.53 


2.40 
1.04 
0.65 
0.48 


1.93 
0.84 
0.52 
0.39 


4.0 

2.48 
1.08 
0.68 
0.49 


2.38 
1.03 
0.65 
0.47 


2.18 
0.95 
0.59 
0.43 


1.75 
0.76 
0.48 
0.34 


4.5 


2.25 
0.96 
0.61 
0.45 


2.16 
0.92 
0.58 
0.43 


1.98 
0.84 
0.53 
0.40 


1.59 
0.68 
0.43 
0.32 


5.0 
2.08 
0.89 
0.56 
0.41 


1.99 
0.85 


0.54 


0.40 


1.82 
0.78 


0.49 


1.46 


0.63 
0.39 
0.29 


fil 
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may deduced follows: the element decreases rapidly from 42% for 

(cos? cos? 15, the strain approaches constant limiting 
value the order 2.5% (see Figure 2). 


ection 


tan? 


where (cos? area average helix angle, and 
surface helix angle. 
Table VIII depicts the effects varying and 
the average tensile strain, @,,, developed 
bending the untwisted multifil multiplied the 
area average (cos? 
Table and Figure depict the effect 
varying the number elements the cross 
section, and the surface helix the 
average the total developed average strains 
all elements cross section bent twisted multi- 
resolution these strains would require vector 
addition the strains within each fiber, followed 
the averaging the magnitude the resultant 
vectors. clear that the arithmetic sum the 
individual average strains greater than the vector 
average. Thus, the data given Tables and 
Figure would somewhat too high. The pro- 
cedure adopted herein justified the basis 
simplification the mathematical treatment. 
From the foregoing analysis developed tensile 


strains bent filamentous structures, the following 

conclusions are evident: 
Fic. 11. Average total developed average strains 
(1) Monofilamentous structures: The elements cross section bent twisted (cor- 


0.60), average tensile strain the tensile side packing factor 0.60). 


TABLE 
5.0 0.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
2.08 12.79 6.66 5.44 4.59 4.00 3.55 2.97 2.74 2.57 
0.89 5.42 2.79 2.25 1.91 1.66 1.46 1.32 1.22 1.10 1.03 
0.56 3.44 1.76 1.42 1.20 1.04 0.92 0.83 0.76 0.69 0.64 
0.41 2.52 1.29 1.05 0.88 0.77 0.68 0.61 0.55 0.51 0.47 
1.99 12.43 6.56 5.39 4.57 3.99 3.57 3.25 3.01 2.79 2.62 
0.85 5.26 2.74 2.21 1.65 1.46 1.33 1.11 1.04 
0.54 3.33 1.72 1.40 1.18 1.03 0.92 0.82 0.76 0.69 0.65 
0.40 2.45 1.26 1.03 0.87 0.76 0.67 0.61 0.55 0.51 0.48 
12.15 6.77 5.70 4.95 4.43 4.04 3.75 3.53 3.33 3.17 
0.78 5.07 2.75 2.27 1.98 1.75 1.58 1.46 1.37 1.26 1.20 
0.49 3.20 1.72 1.43 1.23 1.09 0.99 0.90 0.84 0.78 0.74 
0.36 2.32 1.24 1.03 0.88 0.78 0.70 0.64 0.59 0.56 0.52 
1.46 11.37 7.04 6.18 5.58 5.16 4.85 4.62 4.44 4,28 4.15 
0.63 4.66 2.80 2.41 2.18 1.69 1.61 1.56 
0.39 1.73 1.50 1.34 1.23 1.14 1.07 1.03 0.98 0.94 
0.29 2.04 1.17 1.00 0.88 0.80 0.74 0.69 0.64 0.62 0.59 
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(2) zero-twist structures (packing 
factor 0.60): 


(a) For given value the developed 
average tensile strain the tensile side the 
outermost element the bent structure decreases 
with increasing number elements the cross 
section, approaching limiting value zero for 

For given number elements cross sec- 
tion, the strain decreases with increase 
approaching zero approaches Struc- 
tures containing smaller number elements ex- 
hibit more rapid rates initial diminution strain 
and exhibit higher absolute strains than struc- 
tures comprised larger number elements 
(see Figure 5). 

(c) For given value the developed 
average tensile strain the tensile side the 
innermost element the bent structure decreases 
with increasing number elements the cross 
section, approaching limiting value zero for 
The magnitude strains greater and 
the rate diminution less this case than for the 
outermost element. 

(d) The conclusions 2(b) apply this case 
well (see Figure 6). 

(e) For given value the developed 
average tensile strain the tensile side the center 
element the bent structure decreases with in- 
creasing number elements the cross section, 
approaching limiting value zero for 
The magnitude strains and rate diminution 
this case lie between the respective values for the 
outermost and innermost elements. 

(f) The conclusions 2(b) apply this case 
well (see Figure 7). 

(g) The developed average tensile strain the 
tensile side the center element bent zero-twist 
structures comprised more elements cross 
value for the center element reasonable approxi- 
mation the average developed average strains 
all the elements the cross section. 


(3) Multifilamentous structures, twisted, unbent 
(see Figure 10): 


(a) The average developed average tensile 


strains all elements cross section unbent 


twisted multifilamentous structures, due twisting 
individual elements into yarns for any given surface 
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helix angle other than decreases zero, 
with increasing number elements the crog 
section. 

(6) For given number elements, the 
cross section, the average developed average 
tensile strains increases with increase the helix 
angle Structures containing smaller helix angles 
exhibit more rapid rates initial diminution 
strain increases, and have lower 
strains than structures containing higher helix 
angles. 

(c) The average developed average tensile 
strains all elements cross section unbent 
twisted multifilamentous structures comprised 
more elements cross section and having 
helix angles 10° more less than 1.0%. 


(4) Multifilamentous structures, twisted, bent (see 
Figure 11): 


(a) For given value the average the 
total developed average strains, all elements 
cross section bent twisted multifilamentous 
tures, decreases with increasing number elements 
the cross section, approaching limiting value 

For given number elements cross sec- 
tion, the strain decreases with increase 
tures containing smaller number elements 


comprised larger number elements. 

(c) For given number elements cross sec- 
tion and the effect strain varying 
the surface helix angle from 10° 45° insignifi- 
cant. For all values for any value 
there appears significant difference strain 
resulting from helix angles ranging from 

(d) For all values increases helix angle 
result slower rate strain diminution with 
crease d;/d,. Structures containing higher helix 
angles exhibit higher absolute total strains 
increase However, this increase strain 
with increase helix angle the result strains 
developed twisting the elements into yarns, and 
not the result bending the twisted structure 
That part the total strain induced bending 
the twisted structure decreases with increasing helix 
angle. 

From the foregoing analysis evident that 
average total developed average tensile strains 
all elements cross sections bent twisted 
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multifils ranges from somewhat less than 
after the application only one geometric modify- 
ditional modifying factors will further reduce the 
levels developed average tensile strains, will 
shown later portion this paper. 


Elastic Behavior Fibers Low Strains 
has been previously noted herein that: 


(1) Characteristic stress-strain curves the vari- 
ous commercial fibers, both natural and man-made, 
may general broken down into three more 


less distinct regions—namely, the initial slope 


region, the yield region, and the stiffening region. 

(2) Durability not necessarily characterized 
rupture properties materials and, therefore, 
importance consider the magnitudes and sig- 
nificance the stresses and strains which textile 
materials may normally subjected service. 

(3) The textile designer generally less con- 
cerned with stress-bearing ability than with 
strains over very wide range magnitudes the 
fabric whole. However, the range strains 
which the basic structural the 
fibers—are subjected may much more limited 
and the strains may considerably lower 
order. 

(4) any composite structure, permanent de- 


formation any component part may 


to, itself create, condition which may 
‘classed failure. Since failure evidenced 
any omission perform, resulting from some type 
and extent deformation, the ability structure 
return its undistorted state after the removal 
externally applied stress strain measure 
its acceptability. 


For all commercial fibers presently available, the 
initial slope region the stress-strain curve encom- 
passes maximum strains the range from 
3%. Therefore, for the study such textile struc- 
tures wearing apparel, goods, decorative 
fabrics, and certain industrial fabrics, analysis 
the elastic behavior low strains pertinent, 
and the initial slope region the stress-strain curve 
the potential region for investigation. 

paper the effects viscoelastic behavior 
the stress-strain properties filamentous high 
polymers [9], was described 


whereby the total deformation, resulting from 
given load stress application, could analyzed 
and subdivided into three components—namely, 
the immediate elastic deformation (deformation 
occurring zero time, resulting from load applied 
zero time, and measured zero time), the de- 
layed elastic deformation (deformation which 
time-dependent and recoverable), and the perma- 
nent deformation (deformation which 
dependent but nonrecoverable). Such analysis 
essential for more complete and proper inter- 
pretation the stress-strain diagram, which depicts 
the interaction the basic physical properties 
which various aspects mechanical behavior may 
The coefficients variation param- 
eters obtained sonic techniques are the order 
one-tenth those simultaneously determined 
orthodox stress-strain techniques, and, result, 
greater discrimination between differences appears 
possible when such procedures are applied 
the evaluation highly variable materials. 

fundamental relationship which great 
importance and value the study mechanics 
materials the ratio total stress elastic strain 
the modulus elasticity. For Hookean 
materials the value the modulus elasticity may 
calculated any given value load dividing 
that load value the attendant elongation value, 
graphical means determination the slope 
the linear portion the load-elongation curve. 
The cross sectional area and length the specimen 
must also known obtain correct values the 
modulus, and appropriate units must employed. 

For such materials the modulus may deter- 
mined the transmission pulse longitudinally 
through the specimen, since the modulus elas- 
ticity related the velocity pulse propagation 
[3, 18] through specimen, the length which 
great compared its cross-sectional area, follows: 


(11) 


where modulus elasticity, specific grav- 
ity the material, and velocity pulse propa- 
gation, all properties being expressed appropriate 
units. The units equation (11) are those 
force per unit cross-sectional area per unit strain. 
textile fiber studies, the unit force dimensions 
are more conveniently expressed terms force 
per unit weight per unit length 
grams per denier. this paper, moduli are exclu- 
sively expressed grams per denier per unit strain, 
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and the following equation used for calculation 


where velocity pulse propagation (cm./sec.). 
instrument known the propagation 
triggers pulses the rate 160 pulses per 
second, and these pulses are transmitted the 
specimen means piezoelectric crystal. The 
time for individual pulse propagated 
given distance through the specimen receiving 
crystal precisely metered the device which 
autographically produces diagram relating propa- 
gation time either stress strain the specimen 
loaded tensile testing apparatus. Thus, with 
velocity longitudinal pulse propagation through 
the specimen determined the pulse propagation 
meter, the modulus elasticity its reciprocal, 
the compliance, may readily determined under 
static dynamic loading conditions equation 
(12). 
Since the stress-strain relationship rarely, 
ever, linear for viscoelastic materials over the entire 


51.2 
ELONGATION 
Fic. 12. 


range the stress-strain curve, the proper portion 


the curve must selected for analysis based 
end-use considerations. Far too much emphasis 
has been placed the region the curve 
ing rupture, since few materials are properly evaly. 
ated their rupture properties. Furthermore, the 
early portion the curve which frequently 
Hookean [9], and hence must more critically 
examined proper evaluation obtained. 

Figure illustrative typical load-strain and 
load-compliance diagrams for single fibers human 
hair, wool, and acetate rayon. Since the two 
grams are produced simultaneously for each fiber, 
they may compared directly the analysis 
deformation components. The load-strain curves 
depict the total deformation corresponding 
given load, while the load-compliance diagram 
affords the means determining the immediate 
elastic deformation, follows: 


LOAD, GRAMS PER DENIER 


DENIERS PER GRAM 


Typical stress-strain and stress-compliance diagrams. 
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Figure generalized stress-compliance dia- 
gram, from which may seen that the integrand 
the above expression the differential element 
area cross-hatched the diagram. de- 
termine the I.E.D. any stress level, simply 
necessary determine the area bounded the 
stress-compliance diagram, the coordinate axes, and 
the desired level stress. 

has been shown [5, 11] that for all intents 
and purposes loads below the yield point, only 
two deformation components are present—namely, 
the immediate elastic deformation and the delayed 
elastic deformation. Figure load-strain 
curve showing the analysis acetate rayon load- 
strain curve into its three deformation components. 
noted that the permanent deformation 
component not present loads below the yield 
point. 

dealing with the portion the curve below the 
yield point, the extent perfectly elastic behavior 
may represented the ratio the immediate 
elastic deformation the total deformation any 
load strain equal less than the yield load 
strain. This ratio I.E.D. total strain may 


since sets forth the extent perfect elastic 


sponse the specimen percentage the total 
deformation suffered. loads strains the 
yield point there exist only two deformation com- 
the total deformation comprised 
immediate elastic portion and delayed elastic 
portion. Both are recoverable, but the recovery 


the second component time-dependent, the 


extent the delay recovery being function 
load, temperature, and humidity. For material 
which manifests perfect elasticity (immediate and 
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complete recovery upon removal stress strain), 
the deformation index elasticity would have 
value 1.0. 

the process recovering from deformation, 
sufficient quantity strain energy must released 
cause complete recovery the individual struc- 
tural elements themselves, and, addition, over- 
come the resistance the gross structure comprised 
such elements. The ratio the strain energy 
derived from the immediate elastic deformation 
component the total strain energy derived from 
the total deformation may regarded 
index since sets forth the extent 
immediate and complete strain energy release 
percentage the total available any given strain. 
Such ratio may obtained dividing the area 
under the load vs. curve the area under 
the load vs. total deformation curve. 

Figure compares deformation indices elas- 
ticity various natural and man-made fibers for 
total strain range 1.0% 5.0%. 

Figure compares the energy indices elas- 
ticity the various natural and man-made fibers 
over the same total strain range. 

Figure depicts the relationship between imme- 
diate elastic deformation and total deformation for 
these fibers over the same strain range. one- 
to-one line representing perfect elastic behavior 
included this figure for comparison. The de- 
layed elastic component deformation may 
determined from this figure subtracting the 
I.E.D. from the one-to-one line any selected 
value strain. may act produce perma- 
nent set, will discussed another section 
this paper. The approximate value yield strain 
for fibers exhibiting marked yield point indi- 
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Fic. 13. Generalized stress vs. 
compliance diagram. Fic. 14. Acetate 300/1.5/104 deflection components. 
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cated the rapid departure from approximate 
lineality the early portion curves depicting the 
behavior fibers such acetate, viscose, wool, 
mohair, silk and Orlon. 

The data for the construction Figures 15, 16, 
and are contained Table 

The ranking textile structures the same 
geometry functional with the elastic behavior 
the fibers which they are comprised. Therefore, 
for any given fabric construction, the effect vary- 
ing type fiber recovery from deformation may 
determined from the deformation and energy 
indices. For rational employment these in- 
dices comparing predicting fabric behavior, 
specific strain value must selected. From Fig- 
ure has already been shown that reasonable 
strain range lies between somewhat less than 
somewhat less than 3%. 
termined without consideration modifying factors 
arising from weaving and finishing. shown 
later this paper, flattening yarns, lengths and 
distribution floats, spacing yarns, and crimp 
interchange, among other influences, reduce the 
strains suffered the fibers range substantially 
below that afore-mentioned. For example, the 
development ellipticity yarn cross section 
(yarn flattening) such that circularity coefficient 
70% attained, will result strain reduction 
the order 50%. Thus, the conservative 
incorporation only the effect flattening the 
reduction strain, the limits reasonable strain 
range may reduced 0.5%-1.5%. therefore 
seems justifiable and conservative employ 1.5% 
fiber strain for comparison and prediction fabric 
behavior. 

Other investigators [4, have indicated that 
fiber strains induced bending flexing fabrics 
are low order magnitude. Beste and Hoff- 
man find the best correlation with fabric creasing 
exist when fiber strains are assumed. 

obvious that the performance the most 
desirable fiber from elastic behavior standpoint 
can severely depressed improper selection 
fabric construction, and that fiber manifesting 
poor elastic behavior can hardly expected 
raised performance level above that potentially 
available from its inherent properties, regardless 


the benefits which may derived from the 


possible fabric design. 
The curves depicted Figures 15, 16, and are 
based the mechanical behavior the various 


These limits were 


fibers while moisture regain equilibrium with 
atmosphere 70°F and 65% R.H. should 
clear that those fibers which are hydrophobic 
nature will manifest little difference elastic be. 
havior when brought moisture regain 
with atmospheres higher humidities. The hydro. 
philic fibers, the other hand, will exhibit 
changes elastic behavior when subjected 
pheres high humidity when actually immersed 
water. general, the initial slope the 
strain curve will reduced, the yield stress lowered, 
and the yield strain decreased. From data 
Susich the wet properties natural and man. 
made fibers [17] can shown that both the 
elasticity indices and the energy indices hydro- 
philic fibers are greatly reduced from those the 
same fibers the dry state. 

Hebeler and Kolb [10] described new type 
fabric testing apparatus called the 
which shown useful for characterizing the 
wrinkle-resistance and wrinkle-recovery 
Fabrics are wrinkled controlled random manner 
simulate service conditions, and are then ana- 
wrinkle-resistance index and 
index can used indicate the functional per- 
formance the fabric. The wrinkle-resistance 
index is, essence, reciprocal mean wrinkle 
height. The wrinkle-recovery index ratio de- 
rived comparing the difference between wrinkle 
height immediately after wrinkling and the wrinkle 
height after elapsed time (up four days) with 
the wrinkle height immediately after wrinkling. 
The resultant value may regarded percent- 
age recovery mean wrinkle height with time. 
High values these indices represent favorable 
functional performance. 

composite recovery index was developed from 
the data presented Hebeler and Kolb using 
the product their wrinkle-resistance and wrinkle- 
recovery indices follows: 


where the mean wrinkle height immediately 
after wrinkling, and the mean wrinkle height 
after day. 

This recovery index connotes the magnitude 
the reciprocal mean wrinkle height remaining after 
This time value was selected since the 
minimum reported and, therefore, more nearly ap- 
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proximates immediate elastic behavior than does 
the time days, employed the paper referred 
above. 

Values the composite recovery index were cal- 
culated for fabrics various fiber compositions 
reported previously [10]. They are follows: 


Wool 
Experimental polyester fiber 
Experimental polyacrylic fiber 8.7 


Acetate/viscose blend (C.R. treated) 3.4 


Figure (bottom) depicts the correlation be- 
tween the following reciprocal mean wrinkle heights 
[10] and the delayed elastic components defor- 
mation, 1.5% and 2.0% strain, determined 
from Figure 17. 


Wool 
Experimental polyester fiber 
Experimental polyacrylic fiber 
Acetate/viscose blend (C.R. treated) 


Figure (top) depicts the correlation between the 
extent recovery, represented the composite 
recovery index, and the energy index elasticity, 
1.5% and 2.0% strain, determined from 
Figure 16. 


Some Aspects the Relationships Between Fabric 
Structure and Crease-Resistance 


General 


The foregoing sections have been concerned with 
analysis the strains induced yarn 
bending. should apparent that the relation- 
ships already described herein apply principle 
the phenomenon creasing fabric. The present 
section concerned with the application the 
basic data the explanation the effects fabric 
structure fabric crease-resistance. Data will 
given the crease-recovery angle fabrics 
different geometry, measured the Monsanto 
tester. The variables investigated include: warp 
and filling cover factor, obtained varying the 
thread count; fabric weave; yarn twist; and fiber 
staple continuous-filament yarns versus 
yarns made from in. cut staple. The fiber used 
was 3-denier cellulose acetate, with yarn denier 
maintained 300 throughout. more detailed 
description the samples studied will given later. 

The major factor which appears affect the 
relationship fabric geometry crease-resistance 
the magnitude the strain produced the 
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component fibers when the fabric bent. Perma- 
nent set the angle bend will the result 
either true permanent set [2,9] the fibers 
themselves primary creep [2, which for 
reasonable period relaxation does not recover, 
and, thus, far the fabric concerned, 
the equivalent fiber permanent set. either 
case—that is, whether true fiber permanent set 
occurs whether long-term primary creep occurs 
—it clear that the greater the level total 
strain which the component fibers are subjected 
bending action, the greater the level non- 
immediately recoverable deformation. Thus, any 
geometric means reducing fiber strain when yarns 
and/or fabric are bent should improve the recov- 
erability from creasing. Conversely, geometries 
which increase fiber strains when the fabric bent 
should cause reductions recovery from creasing. 

important clarify the relationship between 
nonrecoverable fiber strain (henceforth defined 
either true fiber permanent set long-term 
mary creep both) and angle recovery. As- 
sume, for example, that single fiber having 
diameter has suffered nonrecoverable strain 
bending such that for length the residual maxi- 
mum strains both tension and compression are 
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ing the same approach used this 
work, clear that the radius curvature the 
permanently bent fiber 


(13) 


Thus, the remaining angle bend, equivalent 
physical significance though not magnitude 
the crease-recovery angle, (degrees), may de- 
duced 

From equation (14) clear that for given length 
strain, the greater the residual strain, the 
lower the recovery angle, Also, clear that 
the greater the length, which under given 
nonrecoverable strain, the lower the recovery 
angle. More will said this latter point subse- 
quently, the point emphasis here being that the 
greater the nonrecoverable axial strain fiber 
result bending, the lower the recovery angle. 
Since higher axial strains produce higher non- 
recoverable axial strains [2], clear that those 
fabric constructions which fiber strains resulting 
from bending are small will exhibit better crease- 
recovery than those fabrics which fiber strains 
are large. 

The previous sections have given basic data 
the level average total strains produced when 
yarns varying geometry are bent into configura- 
tions varying geometry, the configuration being 
uniquely defined the radius curvature the 
bend relation the diameter the bent element. 
was shown that the most strained elements 
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given fiber are those which lie furthest from the 


neutral axis the fiber, while those that are 
the neutral axis are strained the least. 
clear, then, that although the average 
the tension side bent fiber—may 
the yield strain, the most highly strained elements 
within the fiber cross section may have exceeded 
the yield strain. The question then arises 
the resultant level nonrecoverable strain the 
fiber. picture the mechanism the 
determining this level, consider the analogous case 
two springs parallel, shown Figure 
Spring represents tightly coiled spring, assumed 
exhibit perfect elasticity [9], while spring 
assumed exhibit permanent set for the maximum 


strain which the combination will subjected. 


The individual load-extension curves for the two 
springs are shown Figure 20(b). The total strain 
which the combination has been assumed 
subjected represented er, while spring would 
exhibit, stretched itself the strain 
permanent set eg. Let assumed that spring 
can resist compression without buckling, ac- 
cordance with its complete load-elongation diagram, 
shown Figure now clear that the 


two springs parallel will recover combined 


state zero tension when the compressive load 
Figure 20(b), equals the tensile load supported 
spring A—namely, This equality loads 
would occur combined strain and, thus, 


the permanent set evidenced the combination 


would equal This permanent set, obviously 


less than the permanent set exhibited spring 
with single spring there were, say, five springs 


type then the resulting permanent set the 
combination would considerably reduced. 


” 

a 
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CURVATURE 

Fic. 19. Relation between nonrecoverable fiber (a) 


strain and angle bend. 


Fic. 20. Loading and recovery two springs parallel. 
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The analogy between the springs the foregoing 
example and tensions and compressions 
bent fiber requires some clarification. Spring 
would analogous the most strained elements 
the fiber cross those elements whose 
strains induced bending would produce perma- 
nent set. The recoverable spring would repre- 
sent those elements the fiber whose strains were 
below the yield point—.e., those elements for which 
there would permanent set. Obviously, the 
more elements there are having permanent set, 
the lesser the effect permanent set occurring 
the remaining elements. Also, the greater the ratio 
modulus compressive modulus, the 
greater the recovery. Thus, determine the effect 
different strains within the tensile portion 
bent fiber, necessary know the stress-strain 
curve the fiber tension, including recovery 
from different strains. also necessary know 
the axial compression curve following the recovery 
from various strains similar that shown for spring 
Figure such data were available, 
would possible predict quantitatively the ex- 
tent permanent tensile strain the most strained 
elements—namely, the equation (13)—and 
thereby determine the angle recovery, for each 
fiber; given equation (14). 

The foregoing analyses both residual strain 
and also its effect angle recovery would 
accurate, for the assumptions made, for the case 
yarns behaving monofilaments. When multi- 
filament action occurs, accurate quantitative 
analysis becomes highly complex. Not all the 
fibers have the same maximum residual strain, 
used equation (14). Thus, there com- 
plete freedom relative motion between the fibers, 
there would tendency for those fibers located 
furthest from the center curvature the bend 
exhibit the highest angle recovery, while those 
fibers which were bent smaller radius curva- 
ture would recover the lowest angle. Thus, re- 
covery would resisted those fibers close the 
center curvature. The final recovered state 
could analyzed for this case differences 
recovery amongst fibers procedure similar 
that already described for differences recovery 
within fiber, with the exception that the case 
under discussion there would opportunity for 
the most strained fibers buckle compression, 
and, hence, their resistance recovery would 
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less than that the most strained elements within 
fiber. 

Notwithstanding the lack basic data com- 
pression and rigorous analysis the interaction 
amongst fibers, possible state that the greater 
the strains induced bending, the lower the re- 
covery angle. Thus, summary, concluded 
that: 


(1) The greater the strains created bending, 
the greater the opportunity for elements fibers 
exhibit nonrecoverable strains. 

(2) The greater the nonrecoverable strain the 
greater the number elements having given non- 
recoverable strain, the greater the resultant level 
nonrecoverable strain the the greater 
the value equation (14). 

(3) The greater the resultant level nonrecov- 
erable strain the fiber, the lower the angle 
recovery. 

(4) Geometries which reduce the level strains 
induced bending will result fabrics with im- 
proved crease-recovery. 


Factors Which Reduce Strains Bent Fabrics 


Having established that strain reduction sig- 
nificant influencing recovery from bending, 
important consider the general geometric methods 
which strains may reduced. Those aspects 
which will discussed herein are: increases 
radius curvature yarn flattening; (2) decreases 
bending strains resulting from decreasing cover 
factors; (3) buckling strain reducer; (4) in- 
creases radius curvature employing weaves 
involving long floats. Pertinent fabric crease-re- 
sistance data and the correlation between such data 
and the effect the geometry strain reduction 
will discussed later. 

significance determining the bending strains set 
the fibers result weaving the fabric. 
Peirce [13] represented idealized geometry 
the unit cell fabric, assuming yarns 
circular cross section. For this idealized geom- 
etry, the yarn path straight wherever free 
contact with any the cross-threads, while for the 
length contact, the yarn center line assumed 
lie Thus, each yarn bent the 
process weaving, and the strains induced the 
idealized bending may determined from the data 
given earlier this report. 

When the yarn twist low, flatten- 
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ing the yarn may occur. Such flattening 
invariably accompanied increase the radius 
curvature yarns bent about each other. 
illustrate the magnitude the effect reasonable 
degree flattening changes radii curvature 
and the accompanying strains, example will 
given. 

Consider the case circular monofilament bent 
about another monofil equivalent diameter. For 
this case, the maximum theoretical strain, given 
previously, would 50%. Now, consider flatten- 
ing both yarns take place, and, for purposes 
discussion, consider the cross-sectional boundary 
the bent monofilaments elliptical, with area 
equal the original circular areas. This example 
illustrated Figure 21. The radius curvature 
the flattened monofil the central position 
its bend given as: 


(15) 


This easily deduced from the general equation 
radius curvature and the equation the ellipse.* 
Under these conditions, the maximum strain the 
center the bend may written as: 


then may write 


Consider the case flattening the extent that 
the vertical diameter, reduced 70% its 
unflattened value. Thus, 0.70 and, for this 
case, the strain 21%, representing consid- 
erable reduction from the unflattened state strain 
50%. 


The general equation the ellipse defining the center line 
the bent monofil, with the center the flattened monofil 
the origin, 

x2 


The general expression for radius curvature 
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50 % 


Fic. 21. Effect flattening bending strains. Top 
—Bending circular rods. Bottom—Bending flat- 
tened rods. 


obvious that the same considerations apply 
the case multifilament yarn for which flat- 
tening occurs. Here, the value for each fiber 
would unchanged from the flattened state, but 
the radius curvature could considerably in- 
creased over that the circular yarn. Thus, can 
concluded that flattening tends decrease those 
strains set the process weaving. How- 
ever, when fabrics containing flattened yarns are 
bent, they are creasing action, most 
likely that the transverse forces applied the 
flattened cross-yarns about which the longitudinal 
yarns are being curved cause partial recircular- 
izing the cross-threads, and thus decrease 
radius curvature. There however, 
little tendency the longitudinal yarns recircu- 
larize, and, thus, when the fabrics are bent, the 
longitudinal yarns will flattened condition. 
will shown later when the data are discussed, 
markedly flattened longitudinal yarns create geo- 
metric condition such that lateral motion these 
threads the plane the fabric can reduced, 
thereby increasing bending strains. 

illustrate the degree yarn flattening which 
occurs, and changes bounding yarn area coinci- 
dent with flattening, the results from camera-lucida 
cross sections the fabrics studied for crease- 
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DIFFERENT GEOMETRY 
Continuous-filament fabrics Staple-fiber fabrics 
Yarn 
twist Twill Basket Plain Twill Basket Basket Twill Basket 
(t.p.i.) 1/1 3/1 2/2 1/1 3/1 2/2 1/1 3/1 2/2 1/1 3/1 2/2 
0.3 0.528 0.476 0.434 
11.0 0.608 0.553 0.601 0.866 
12.0 0.669 0.675 0.610 0.769 0.842 0.859 
19.0 0.564 0.500 0.685 0.861 0.897 0.934 
24.0 0.660 0.660 0.921 0.963 0.989 
27.0 0.651 0.905 0.961 0.970 
Values averaged for weaves 
Yarn twist Yarn structure 
0.3 continuous filament 0.48 0.59 
6.0 continuous filament 0.58 0.69 
11.0 staple fiber 0.59 0.81 
12.0 continuous filament 0.65 0.82 
19.0 staple fiber 0.58 0.89 
24.0 continuous filament 0.67 0.96 
27.0 staple fiber 0.61 0.95 


resistance are given Table co- 
efficients were determined from equation (17), while 
the packing factor [12], was determined from 
the equation 


0.166 yarn denier/ab. (19) 


The significance that when multiplied 
the fiber density, the resultant product repre- 
sents the bulk density yarn. Thus, yarns 
given denier having equal values and would 
encompass the same total area. The values given 
Table are the averages for warp and filling 
yarns and for different textures threads per 
inch). was not found possible distinguish 
statistically between results for texture differences 
for differences resulting from whether the yarns 
were warp yarns filling yarns. 

clear from Table that yarn twist appears 
influence yarn flattening greater degree than 
does the yarn structure—i.e., whether the yarn 
staple filamentous. would expected, in- 
creases yarn twist cause decreases the amount 
flattening. Moreover, the amount yarn flat- 
tening low-twist yarns large. Thus, can 
concluded that the strains set weaving would 
smaller for the low-twist yarns because their 
increased radii curvature. also clear that 


This equation may derived from: 


where the fiber density. 


the 3/1 twill and 2/2 basket weaves exhibit less 
flattening than the plain weave. This effect would 
anticipated, course, since the normal pressures 
between threads crossovers would less for 
given yarn tension when there are more points 
contact prior thread reversing direction 
curvature. 

With respect yarn packing factor, apparent 
that yarn and fabric structure have small effect, 
indeed. While there trend for packing 
increase somewhat with increase yarn twist, 
neither weave type nor staple length appear 
produce large consistent changes packing 
factor. The low value packing factor for the 
0.3 t.p.i. basket weave fabric probably more the 
result inability distinguish the two yarns which 
are weaving essentially one rather than repre- 
senting real difference packing factor. 
interesting note that average packing factor 
about 0.62 would apply all but the 0.3 t.p.i. 
yarn. Peirce [13] has indicated that cotton yarns 
medium firm twists possess yarn bulk densities 
0.90, which for fiber density 1.50 would give 
packing factor 0.60. 

Summarizing the results this section, has 
been indicated that: 


(1) Yarn flattening functional with yarn twist 
—the greater the yarn twist, the lesser the degree 
yarn flattening. 

(2) Increases yarn flattening result increases 
the radius curvature yarns when they are 
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woven, and hence would tend decrease the strains 
existing fabric prior bending. 

(3) The process bending fabric tends 
recircularize the cross-yarns the point bend, 
and thus may modify the advantage flattened 
yarn producing more crease-resistant fabric. 
The longitudinal yarns not recircularize, and 
thus can inhibited lateral motion when the 
fabric bent, the decrease available space for 
such motion. 


Effects Cover Factor.— 


Reduction Bending Strains Increased 
Flexibility: The elementary analysis bending 
given the first section this work assumes that 
bending strains are induced either bent monofils 
multifils only the region contact between 
the two elements. This would then indicate 
abrupt change strain when the portion 
the bent element encountered. Actually, the 
bending strains would diminish gradually zero 
and attain this value zero, accordance with 
St. Venant’s principle [18], distance from the 
region bend some large number yarn diam- 
eters, usually many fabrics, except those 
having extremely low cover factor, ratios L/D 
[12, 13] the order are not uncommon. 
any rate, clear that there must some 
deformation that portion the yarn outside 
the region the effective strained length 
greater than that corresponding the length 
contact between the yarns which bend about each 
other. This extra available length can reduce the 
unit strains the region bend. Obviously, 
fabric constructions having L/D values the order 
increases the value will create 
opportunity for strain relief the region bend. 
Thus, would anticipated that reduction 
the cross-thread cover factor would decrease the 
level induced strains resulting from bending 
fabric. minimum cross-thread cover factor 
was attained, further reductions level strain 
occurring from this effect would expected. 

.Correlative with the reduction strain resulting 
from reduced transverse cover factor, increased 
recovery from creasing would 
the value equation (14) would reduced. 
However, the question may arise the nullifying 
effect increased the strained length, given 
equation (14). other words, increase yarn 
length available for strain dissipation will reduce 
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the unit strains induced bending, and hence 
reduce the nonrecoverable strain, But since the 
strained length, increased, the magnitude 
the product must considered. can 


shown that for most textile fibers, the effect the 


decreased nonrecoverable strain exceeds the effect 
the increased strained length. typical plot 
fiber permanent set versus total strain, determined 
from tensile test, illustrated Figure 22. 
There would permanent set the yield 
strain. For strains above the yield point, perma- 
nent set must increase rate slower than the 
total strain. Thus, increment total strain 
always accompanied lesser increment per- 
manent set. Conversely, reduction induced 
strain increases the effective bending length 
will produce disproportionately larger reduction 
permanent set. Thus, the net effect strain 
dissipation would increase recovery angle 
from bending. 

The effect fabric texture reducing strains 
may considered from another point view— 
namely, the crimp interchange [3,15] that can 
occur the localized region bend when fabric 
given the geometry two consecutive longitu- 
dinal sections plain-weave fabric before and 
after bending. illustrate the effect, the cross- 
threads are assumed have zero original crimp. 
the figure each bent configuration assumed 
take place without mutual interaction. The inter- 
action that does take place will, course, produce 
equilibrium state compatible both longitu- 
dinal yarns, and thus the resultant configuration 
will not exhibit the marked degree crimp inter- 
change shown the figure. 


PERMANENT. SET 


TOTAL STRAIN,% 


Fic. set vs. total strain. 
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tendency will the direction increasing the 
crimp the originally straight cross-threads, and 
decreasing the crimp the originally crimped longi- 
tudinal threads for the type fabric structure 
shown. Another example which may considered 
the case the longitudinal yarn being straight 
(zero crimp). this case, the degree crimp 
interchange small, and can shown that the 
crimp increase the cross-threads much less than 
that which occurs Figure Thus, when the 
longitudinal yarns are straight, achieved usually 
decreased cover factor the cross-threads, the 
extent crimp interchange the least. While the 
mechanics strains induced crimp interchange 
are not yet too well understood, clear that the 
lower the cover factors, and the less the magnitude 
original crimp, the more readily the crimp inter- 
change will occur. The closer the cross-thread 
spacing the closer the longitudinal thread spac- 
ing, the greater the yarn rigidity, and thus the 
greater the strain energy create the crimp inter- 
change accompanying the bent state. Therefore, 
under bending, increased thread spacing either 
the longitudinal perpendicular direction can de- 
crease the state strain involved the crimp 


SECTION SECTION 


Fic. 23. bent configuration plain- 
weave fabric. Top—Unbent configuration (cross-thread 
crimp 0). Bottom—Bent configuration (cross-thread 
crimp 0). 
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interchange and thus decrease the opportunity for 
nonrecoverable deformations occur. 

Reduction Bending Strains Buckling: 
Intimately associated with the effect thread 
spacing the reduction bending strains the 
question the elastic stability [19] the fibers 
and yarns. The discussion has thus far assumed 
that the component fibers and yarns will conform 
the imposed bending configurations and thus 
subject the strains imposed such idealized 
configurations. clear that the assumed state 
elastic stability will create strains higher 
degree, for the bent fabric, than would exist the 
component yarns were unstable. example will 
clarify the situation. Consider the case 
axially compressed rod whose lateral stability 
ensured confining within rigid cylinder. 
Under these conditions, possible realize 
permanent compressive strain once given axial 
load deformation has been imposed the rod 
[19]. Now, consider similar rod unsupported 
along its length. clear that the external 
compressive load deformation increased, the 
rod will buckle sideways. Accompanying this lat- 
eral buckling will lowering the end the rod. 
Thus, given axial deformation will take place 
lower state internal compressive strain within 
the rod than would take place for the restrained 
rod, and the opportunity for recovery would 
increased. 

The type and extent buckling that can actually 
take place within fabric when bent is, the 
moment, not clear since the condition end support 
the various yarns difficult define, thus making 
the effective yarn length indeterminate, are such 
important fiber and yarn characteristics bending 
and torsional rigidity. Nevertheless, possible 
imply the relative probability buckling 
threads when fabric bent, and thus infer the 
influence fabric texture permitting bending 
strain relief buckling. Consider, for example, 
the bending section Figure 23. clear 
that portions the longitudinal yarn between the 
cross-threads 2’-2’ represent curved beam which 
being deformed the bending operation the 
direction reducing its curvature. The elastic 
stability such curved beams has been analyzed 
Prandtl, Michell, and St. Venant, and described 
Timoshenko [19], and has been shown that 
for the case small deformations with free rotation 
the ends the beam, the critical radius curva- 
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ture, which the curved beam may bent 
without lateral buckling may deduced from 


equation represents the original curva- 
ture the bent beam, its length, and the tor- 
sional rigidity the cross section the beam. 
The quantity represents the bending rigidity 
the beam cross section and, strictly speaking, should 
the lowest rigidity beam having narrow 
strip cross section. However, when equal 
rigidities all directions exist, would the 
case circular yarn, the expression unchanged 
except for numerical constants [19]. The plus 
sign used equation (20) when bending takes 
place the direction original curvature the 
curved beam, while the negative sign the solution 
for bending opposite the original curvature. 


each case the additional curvature resulting 


cr 
from bending the originally curved beam. 
emphasized that the representation the original 
segments yarns curved beams best vast 
simplification the conditions which probably exist. 
addition bending, the axial compressive forces 
exerted lengths the longitudinal yarns can 
cause buckling. The use equation (20) merely 
guide indicate the general effects fabric 
structure. For purposes discussion, consider the 
case very small initial curvatures such would 
the case for low-cover-factor fabrics whose yarns 
exhibit multifilamentous action. Then equation 


(20) reduces 


Under these conditions, the length yarn be- 
tween crossovers increases the cross-thread 
spacing increases), the quantity equation (21) 
increases, and the radius curvature which 
buckling occurs increases. Thus, the bending strain 
induced before the buckling takes place decreases, 
and, asa result, the recovery from bending increases. 
The same conclusion relative the effect yarn 
length would obtained axial compression 
the were considered. Obviously, the longitu- 
dinal thread spacing can limit the extent the 
buckling. the longitudinal threads are very close 
each other, the degree lateral support between 
such threads will restrict the lateral motion the 


view opportunity for buckling, the situation may 
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yarns and allow bending strains increase, hence 
decreasing the probability recovery. Thus, for 
fabrics with low cover factors wherever the 
threads are not jammed against the longitudinal 
the straight length thread between 
yarn crossovers great and the original curved 
length small—decreases the cover factor 
either the longitudinal the cross-threads should 
increase the recovery from creasing. 

When the cover factor the cross-threads 
very great, difficult separate the effects 
built-in strains produced weaving 
effects final geometry bending strains. For 
high-cover-factor fabrics, the strained length result- 
ing from weaving large part the total yarn 
length. Thus, small degree bending might 
sufficient produce total state strain the 
fabric excess the yield point the material, 
Under these conditions, poor recovery from bending 
would result. When examined from the point 


analyzed reference equations (20) and (21), 

Here, can seen that not only does cross-thread 

spacing, affects influence the critical radius 

curvature, but also the original curvature the 

threads, affects the critical radius curvature. 

clear that these two geometrical factors can 

varied, within limits, independently each other, 

depending upon the state crimp balance the 
fabric. For example, the longitudinal threads may 
with zero crimp—while the cross- 
threads may closely spaced. Under these con- 
ditions, equation (21) would applicable the 
longitudinal thread, and decreases cross-thread 
spacing would produce buckling low radius 
curvature, with attendant high bending strains and 
poor recovery from bending. Another case would 
the condition high crimp the longitudinal 
yarns, with the cross-threads closely spaced, con- 
dition which will occur the cross-thread crimp 
low. Under these conditions, the longitudinal yarns 
can considered being curved over most their 
length, and thus equation (20) would 
this case, those yarns which are bent the creasing 
the fabric the direction their original curva- 
ture will resist buckling lower than will those 
yarns originally bent the opposite direction. 
axial compression also applied these curved 
elements, the buckling induced thereby will prob- 
ably greater significance than that due the 
bending, and, thus, for either positive 
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negative bending—it clear that the strains prior 
buckling will decrease the length curved 
beam, increases. Therefore, decreases cross- 
thread texture will produce lowering the state 
strain when the fabric bent. 

The foregoing qualitative discussion the effect 
fabric texture strain relief buckling has 
presumed free condition rotation occur 
yarn crossovers. any real fabrics there may 
considerable restraint against such free rotation. 
Undoubtedly, textures influence the degree such 
restraint the extent that they affect the length 
contact the crossovers, between the orthogonal 
systems threads. For example, increased longi- 
tudinal yarn cover factors created increased 
number these yarns per inch will usually result 
increased crimp the cross-yarns, with the 
attendant increase amount yarn restraint 
the crossovers. Increases the amount such 
restraint will permit greater bending strains occur 
the longitudinal yarns, with potential lowering 
recovery. Since, already stated, increase 
longitudinal yarn cover factor also increases the 
degree lateral support the longitudinal yarns, 
addition lowering the opportunity for lateral 
motion, clear that both longitudinal and cross- 
thread cover factors will affect bending recovery. 
this state, impossible tell whether the 
bending recovery given direction more influ- 
enced cross-thread texture longitudinal thread 
texture. The crease-resistance data which will 
presented will indicate the net results variations 
texture. 

Reference equations (20) and (21) will show 
that C/B, the ratio torsional bending rigidity 
yarn, significant determining the minimum 
radius curvature which yarn can bent 
before lateral buckling takes place. clear that 
further work has done the effect yarn 
structure rigidity order clarify, say, the 
influence yarn twist buckling, the value 
plied yarns versus singles yarns. However, some 
speculation this regard may made. With 
respect changes yarn twist, might antici- 
pated, the basis the analysis bending strain 
the first part this work, that the bending 
rigidity yarns exhibiting multifilament action 
would decrease slightly with increases twist. 
the other hand, clear that twist increases, 
the torsional rigidity the direction increasing 
twist increases greatly, but that the opposite 


ry 


721 


direction the direction untwisting) decreases. 
Thus, increasing twist, the ratio C/B would 
probably decrease, and the ease buckling would 
increase. the other hand, balanced plied 
yarn, virtue its being balanced, state 
stable equilibrium.. Twisting balanced plied yarn 
either direction will always take place with great 
resistance, accompanied rapid return the 
balanced state torque release, thus indicating 
high torsional rigidity. The bending rigidity of, 
say, 2-ply yarn will usually less than that 
singles the same weight. Thus, the resultant 
resistance torsional buckling when 2-ply yarn 
bent would exceed that the singles yarn. 

Summarizing the results this section, can 
concluded that decrease yarn texture either 
direction fabric can increase recovery from 
fabric creasing because: 


(1) Increased yarn length between thread inter- 
sections creates the opportunity for bending strains 
dissipated over longer length yarn. 

(2) The localized crimp interchange the region 
bend can take place more readily for more 
flexible yarn, achieved longer yarn span be- 
tween interstices. 

(3) The opportunity for and extent buckling 
bent yarns increases the yarn length between 
cross-threads increases and the longitudinal yarn 
spacing increases. Buckling does not allow the 
fibers strained the extent they would 
buckling did not take place. The condition end 
restraint yarns influenced textures both 
directions. Reductions texture either direc- 
tion makes for less fixity yarn crossovers. 


Effects Fabric Weave Type.—The effect type 
fabric weave, which will considered detail 
herein, will limited the minimum radius 
curvature which can created when falbrics 
different weave are considered. clear, for ex- 
ample, that where long floats are available, the 
opportunity for yarn buckling occur high 
radius curvature increased. Since this effect 
has already been discussed, further detailed 
analysis buckling will made this section. 
also clear that any bowing the floats [12] 
within the plane the fabric can result extra 
yarn length between interstices for dissipation 
the bending strains and also greater ease 
buckling. Since the data available 
resistance limited 1/1 plain, 2/2 basket, and 
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3/1 twill weaves, the discussion will limited 
these types. However, believed that the appli- 
cation other fabric geometries will apparent. 

Consider, first, the plain weave. Reference 
Figure will show that, for the idealized state, the 
radius curvature the longitudinal yarns must 
small. the case section Figure 23, the 
most strained element would have 
the case section the radius curvature would 
increased the yarns and came into register 
shown. Any deviation from this configuration 
yarns and would reduce the radius curva- 
ture. Whether the plain-weave fabric bent 
positive negative direction would not influence 
the radius curvature yarns the fabric were 
symmetrical about its mid-plane, assumed for 
the idealized state. 

Consider now the case the 2/2 basket-weave 
fabric. this case, where two yarns are weaving 
one plain weave, clear that any section 
would indicate radius curvature the bent 
yarns nowhere smaller than that shown section 
Figure 23. fact, the opportunity exists for those 
longitudinal threads which are weaving 
the line crease bent about four cross-threads 
jammed together. Thus, for the case the 2/2 
basket weave, apparent that all the longi- 
tudinal yarns must bent about radii curvature 
considerably greater than those the plain weave. 
The configuration the cross-threads the bent 
state roughly equivalent the flattening yarns 
already described herein. For example, presuming 
the upper length the longitudinal yarn section 
Figure 23, lie perfect circle radius equal 
two yarn diameters, the maximum strain, assum- 
ing monofilament action, would com- 
pared 50% for the plain-weave fabric. Corre- 
sponding reductions strains would, course, 
occur for multifil action, the comparison strains 
this case being based value for the 
plain weave and d,/d, for the basket weave. 
Obviously, flattening the upper portion the 
longitudinal threads bring them into closer con- 
tact with the threads 2’-2’ would cause additional 
reductions the state strain over most the 
bent length. Again, assuming symmetry the 
weave about the mid-plane the fabric, there 
should difference state strain the 2/2 
basket weave whether the fabric bent positive 
negative direction. Thus, can concluded 
that the 2/2 basket weave should, when all other 
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fabric construction variables are held constant, ex. 
hibit increased recovery from creasing, compared 
the plain weave. 

The situation the case the 3/1 basket 
more complex, but, will shown, similar 
analysis can made. Two cases must dis. 
cussed—namely, whether the cross-thread floats are 
down the location the cross-thread 
floats versus the direction bending). Thus, the 
direction bending significant. Reference 
Figure will indicate that minimum radii curva- 
tures bending will depend upon the direction 
bend. Consider first, positive bending, defined 
Figure 24, about the line bend shown. The 
minimum radius curvature section will 
that resulting from the three cross-yarns jammed 
together. sections and depending upon 
the lateral rigidity the cross-threads, radius 
curvature somewhere between the plain weave and 
the twill weave, section would exist. section 
radius between that the plain weave and the 
basket weave would exist. Thus, for the case 
positive bending, the 3/1 twill would have lower 
strains than the plain weave, and the average strains 
would approach those the 2/2 basket weave. 


LINE 
BEND 


SECTION 
SECTION 
SECTION 
SECTION 


SECTION 


POSITIVE NEGATIVE 
BENDING BENDING 


Fic. 24. Alternate sections 3/1 twill fabric. 
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The case negative bending would, the other 
hand, produce lower radii curvature buckling 
does not occur. seen from Figure 24, one the 
four longitudinal yarns the repeat—namely, sec- 
tion C—is the equivalent the plain weave, section 
Figure 23, while the remaining three yarns would 
parallel the plain weave, section Figure 23, but 
with increased cross-thread spacing. Thus, for 
the 3/1 twill, the case negative bending should 
produce poorer recovery from creasing than the 
case positive bending. However, whether 
not negative bending 3/1 twill produces 
recovery than the plain weave will depend 
upon whether the effective cross-thread texture 
negative bending the 3/1 twill permits buckling 
high radius curvature. That is, if, for 
plain weave, increases cross-thread spacing pro- 
duce marked increases recovery, then would 
expected that the case negative bending 3/1 
twill would produce increased recovery over that 
plain weave equal texture. The crease data 
will show that negative bending 3/1 twill 
produces results better than the plain weave, par- 
ticularly for low cross-thread spacings. 

Summarizing the effects the types fabric 
weave considered herein: 


(1) Weaves with long floats impose bending about 
larger radii curvature than weaves with short 
floats. 

(2) Symmetrical conditions exist for the 1/1 plain 
and 2/2 basket weaves whether positive negative 
bending occurs. Nonsymmetrical conditions exist 
for the 3/1 twill. Improved recovery should take 
place when 3/1 twill bent that the cross- 
thread floats lie inside the bend, opposed the 
floats lying outside the bend. The effect cannot 
large since improved opportunity for buckling takes 
place when the floats are outside the bend. 

(3) The 2/2 basket weave and the 3/1 twill should 
exhibit. better recovery than the 1/1 plain weave. 


(4) Opportunity for strain relief due bowing 


the floats and buckling greater for the 2/2 
basket and 3/1 twill weaves than for the plain 
weave. 


Effects Yarn effects yarn 
structure will alluded but briefly here, since 
the discussion already given has covered certain 
aspects the problem, such yarn twist, packing 
factor, and opportunity for buckling. Only singles 
yarns will considered. 
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Consider first the effect staple length. 
clear that fabric bending, localized condition 
strain must exist. the extent yarn length 
which strained small, probably more than 
spacings the cross-threads. Under these con- 
ditions, since the number ending fibers [14] for 
such short length small, clear that the 
major number fibers the yarn cross section 
will essentially thoroughgoing within the strained 
length. Thus, would not anticipated that 
staple length, geometric modifier, would have 
much effect recovery from bending. This would 
true whether the yarn was behaving monofil 
multifil. the case multifilamentous ac- 
tion, the bending the yarn produces bending 
strains within the there would not 
any tendency for fiber ends separate since there 
would resultant tension the fibers. For 
monofilameht action, the outside fibers would 
tension, and the inner fibers would compres- 
sion. Thus, there would resultant axial fiber 
forces set bending. fiber slippage could 
take place, would anticipated that would 
occur for only very small number fibers the 
yarn, and, thus, for the case monofilament action, 
there would not much difference between con- 
tinuous-filament yarn and in. staple yarn. 

With respect yarn twist, major factor that 
must considered the extent monofilamentous 
action induced increases yarn twist. has 
been indicated previously, the approach mono- 
filament action would accompanied higher 
fiber strains and, thereby, decreases recovery. 
Certainly, would not anticipated that very 
low-twist yarn would exhibit monofilament action. 
very high yarn tensions are applied simultane- 
ously with bending, clear that the increased 
normal pressure between fibers induced high 
twist yarns would restrict the ability the fibers 
bend independently each other and thus create 
degree monofilamentous action. the other 
hand, the absence external tension creates little 
opportunity for restriction relative motion the 
fibers. Considering that axial compressive forces 
are involved creasing, the ease buckling the 
individual fibers would tend open the yarn and 
create more opportunity for action. 
Reference the data given Table for packing 
factors indicates that, with the exception the 
very low-twist filamentous yarn, the degree fiber 
packing the yarn the yarns lie crimped the 
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fabric essentially constant with twist, value 
roughly 0.6. Thus, unless high yarn tensions 
were applied, would not anticipated that mono- 
filament action would occur for the yarn twists 
studied herein. monofilament action occurred 
result initial twist, would expected that 
the bending rigidity fabrics would increase with 
increasing yarn twist. Data the bending lengths 
cotton fabrics, soon published, indicate 
small changes bending rigidity with increases 
yarn twist. Those changes which occur appear 
show slight decrease rigidity with increase 
yarn twist, indicating that monofilament action 
has not occurred with increase twist. The small 
increases flexibility may partially explained 
lowering the effective modulus the yarn 
with increases yarn twist [15 

Yarn twist also has considered with respect 
the degree restraint yarns the crossover. 
Backer has discussed the problem yarn nest- 
ing the crossovers. For increases initial twist 
from zero some maximum value determined 
the radius curvature the bend, the opportunity 
fibers within the two yarns interlock and 


TABLE 


Yarn twist 
(turns/inch) 


CONSTRUCTION FABRICS STUDIED 
(FIBER DEN./FIL CELLULOSE ACETATE) 
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restrict rotation increases. Such increases end 
restraint will decrease the opportunity for yarn 
buckling. the other hand, the bending stability 
the more highly twisted yarns will decrease, since 
their torsional rigidity the direction untwisting 
decreases. Thus, the trend expected re- 
covery with increases yarn twist not clear. 


Crease-Resistance Fabrics with Varying Geometry 


General.—In this section, crease-recovery angles 
will given the cellulose acetate fabrics 
varying geometry being studied the Quarter- 
master form factor program. Since the previous 
section this paper indicated some the 
results anticipated with changes fabric 
structure, the discussion the data will limited 
merely pointing out the agreements and anoma- 
lies. The occurrence anomalies expected 


(1) The net effect all the previously dis- 
cussed factors acting interaction cannot this 
time predicted. 

(2) Such basic data compressional modulus 
and recovery following tensioning not yet avail- 


Fabric texture (threads/inch) 


300-denier, in. cut 
staple fiber yarns 


11.0 


1/1 Plain weave 


2/2 Basket weave 


3/1 Twill weave 
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able. Also, the basic premise used the analysis 
bending strains that plane sections remain 
plane after bending. This must proven for tex- 
tile fibers and yarns. 

(3) The tensions and strains induced the fab- 
rics result and weaving may 
functional with their geometries, and hence influ- 
ence crease-resistance values. Thus, the stretching 
the staple fibers which accompanies carding [11 
may alter their mechanical properties, particularly 
their yield strain. 

(4) There may other geometrical factors 
importance not considered the analysis. 


Consideration these factors, plus the departure 
real fabrics from the ideal state assumed herein, 
makes necessary, therefore, that the results 
viewed the light general trends. will 
shown, the general trend the results appears 
agree with the concepts already described. 

Test Method and Fabrics Monsanto 
wrinkle recovery* tester was used throughout this 
study. All samples were conditioned and tested 


65% R.H. least ten tests each, warp and 


filling, were made each fabric. The fabrics 
studied are described Table XII. The staple- 
fiber fabrics were all woven the Lowell Textile 
Institute, while the continuous-filament fabrics were 
woven the United Elastic Corporation. seen 
from Table XII, similar weaves containing approxi- 
mately equivalent textures were woven from both 
the continuous-filament and staple yarns. The tex- 
tures given are the nominal textures. The actual 
thread count given parentheses for each fabric. 

Results Crease results the crease 
tests are given Table XIII for the staple-fiber 
fabrics and Table XIV for the continuous-fila- 
ment fabrics. For the 1/1 plain weave and 2/2 
basket weave, large consistent difference could 
found recovery angles between face and back 
tests selected group these fabrics, and, 
thus, particular attention was paid the testing 
whether the fabric was tested face face 
out. the case the 3/1 twill, consistent differ- 


accordance with the discussion given pre- 
herein, were found. Thus, two sets data 


*In this test, fabrics are not creased bending about 
themselves, but about plate given thickness, thereby 
radii curvature over what they would the 
fabrics were bent about themselves. Thus, the strains will 
lower than those given herein, but the effects geometry 
strain reduction will nevertheless apply. 


are included for the 3/1 twill. The designation 
FFO” means that the crease test the warp 
floats were inside the crease and the filling floats 
outside. The designation means that 
the warp floats were outside the crease and the 
filling floats inside. 

Reference Table XIII shows that for the staple 
fabrics, independent the texture twist, the 
basket and twill weaves exhibit recovery angles 
larger than those the plain-weave fabric for both 
warp and filling directions. Considering the aver- 
ages warp and filling, there seems par- 
ticular trend for the magnitude the effect 
dependent upon either texture twist. While 
there some variation, the average improvement 
recovery angle the 2/2 basket weave over the 
plain weave about degrees. has been dis- 
cussed, the change for the 3/1 twill depends upon 
which side the fabric tested. 

also noted that for the staple fabrics, 
irrespective twist weave, decreases texture 
either direction result increases recovery 
angles. There one exception this trend, and 
that the twill fabric with t.p.i. yarns. 
This fabric also anomalous that the only 
staple fabric the twill series for which reversal 
direction floats inside outside 
—did not produce the anticipated result. The 
relative improvement recovery angle gained 
decreasing the texture the cross-yarns versus de- 
creasing the texture the longitudinal yarns* 
not clear. For the plain weaves appears that 
cross-thread texture decreases are more significant 
over the entire range texture changes than longi- 
tudinal texture decreases. For the basket weave, 
the opposite case seems exist. Apparently, the 
longer floats the 2/2 basket weave create the 
opportunity for buckling without the necessity 
long spacing between cross-threads. the other 
hand, increases longitudinal thread spacing allows 
space for this buckling take place. addition, 

the greater the space between the longitudinal yarns 
the basket weave, the greater the amount bow- 
ing that can take place within the floats, and thus 
the greater the radius curvature before buckling. 
There trend for the improvement resulting from 


Effect decreasing cross-thread spacing can studied 
for each twist comparing the fillings the and 


thread spacing effects can studied comparing the warps 
fabrics. 
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decreased texture become less pronounced with fabric, indicating the significance 
additional decreases for the average buckling the long float when bent. 
crease-recovery angle approach maximum value Reference Table XIV for the 
the texture decreases. This would expected filament fabrics shows that the changes with 
since the bending strains are localized only over are not clear cut here for the staple 
small length the fabric. The basket and twill fabrics, although the general trends are the same— 
weaves seem stabilize the limiting value improvement recovery with decreased tex. 
quickly than does the plain weave. Thisalsowould ture and the advantages the basket and twill 
expected since strain relief would affect the over the plain. particular anomaly the 
weave more pronouncedly than would the other effect twist, particularly for the fabrics containing 
weaves. For all weaves, there slight tendency the very low 0.3 t.p.i. yarn. Consider, for example, 
for average improvements resulting from decreased plain-weave fabric. Here, decreases texture 
texture decrease with increasing twist. The did not produce consistent increases recovery, 
effect twist increases constant texture may the result the marked flattening 
weave small and inconsistent, not surprising these yarns, with the attendant reduction the 
result considering the many opposing effects already free space available for buckling. The strain 
described which twist can have. duction would thus less for this low-twist yarn 
interest for the staple-yarn fabrics the effect than would for the higher-twist yarns. 
placement the floats the twills relation described more fully later. With the 
the direction bending. discussed previously, ception this low-twist yarn, can seen that, 
higher recovery angles should obtained when the general, for the plain weaves increases cross- 
cross-thread floats are inside the bend than spacing result greater improvements 
these floats are outside the bend. Thus, angle than increases longitudinal 
expected that the twill fabrics are reversed thread spacing. This result parallels that observed 
from WFI, FFO WFO, FFI, the warp recovery for the staple fabrics. Again, the opposite result 
would increase and the filling recovery would de- was obtained for the 2/2 basket weave. 
crease. This, can seen from Table XIII, Examination the data for the 3/1 twill fila- 
the result obtained for all but one the nine fabrics shows that the effect anticipated 
fabrics. also interesting note that reversing the fabric occurred. only three 
case did the poorer direction test the twill the twelve fabrics did the recovery the warp fail 
fabrics result lower recovery angles than did the increase when the filling floats were placed inside 
TABLE XIII. CREASE STAPLE-FIBER FABRICS 
Values crease-recovery angle (degrees) 
Nominal Twist 1/1 Plain weave 2/2 Basket weave 3/1 Twill weave 
129 123 136 146 141 151 WFI, FFO 
146 141 WFO, FFI 
135 135 150 158 150 163 WFI, FFO 
158 154 WFO, FFI 
144 150 156 160 156 162 WFI, FFO 
160 157 
137 120 143 143 151 151 WFI, FFO 
145 124 148 159 143 159 WFI, FFO 
160 154 WFO, FFI 
147 143 154 166 148 163 WFI, FFO 
160 155 
134 125 143 144 138 150 WFI, FFO 
151 WFO, FFI 
143 126 144 162 146 158 WFI, FFO 
151 151 WFO, FFI 
146 137 154 165 146 160 WFI, FFO 
149 154 
| 
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the bend, and these three cases only one 
fabric—namely, the containing t.p.i. 
yarns—was there significant decrease. all 
twelve fabrics, the filling recovery increased when 
the warp floats were placed inside the bend. 

will noted that for the filamentous fabrics 
there slight tendency for the recovery angle 
increase with increases twist from 0.3 6.0 t.p.i. 
and thence remain essentially constant. This would 
not anticipated the basis increased mono- 
action with increase twist, since the 
opposite effect would have been observed this 
occurred. this writing, the only explanation 
this effect seems that the flattening the 
filamentous yarns causes increased strains 
due bending. The greater lateral rigidity 
these flattened yarns and the restriction lateral 
motion created the effective increase longitu- 
dinal cover factor would result higher bending 
strains. Thus, for these highly flattened yarns, 
would anticipated that reduction longitudinal 
yarn texture would more effective increasing 
recovery than would reduction cross-thread tex- 
ture. From Table XIV seen that this the 
case for the plain-weave fabrics with 0.3 t.p.i. yarns. 
The effect illustrated the great difference 
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between warp and filling the 2/2 basket fabric 
with threads/inch. marked reduction 
recovery angle the warp may due the 
close spacing the warp yarns, permitting less 
space for lateral motion these warp yarns. 

With respect the recoverability the staple 
versus the filamentous yarns, appears though 
the filamentous yarns exhibit slight but inconsist- 
ent improvement approximately corresponding 
twists. somewhat more pronounced 
for the plain-weave fabrics than for the others. 
However, felt that this may more indicative 
processing differences than geometry. 

One further experiment, was performed 
selected set the fabrics illustrate the influence 
increase cross-thread spacing recovery. 
order indicate the effect real and not 
solely the influence processing, series tests 
recovery from creasing was performed re- 
moving increasing numbers cross-threads, fol- 
lowed bending the fabric this area. While 
the exact local texture thus produced cannot 
defined, clear from Table that the influence 
geometry strain reduction real. Note that 
the fabrics employed were the ones which de- 
creases cross-thread texture did not produce 


TABLE XIV. CREASE TESTS CONTINUOUS-FILAMENT FABRICS 


crease angle (degrees) 


Nominal Twist 1/1 Plain weave 2/2 Basket weave 3/1 Twill weave 
texture (t.p.i.) Filling Filling Warp Filling 

0.3 140 132 139 158 130 150 WFI, FFO 
149 140 WFO, FFI 

0.3 141 137 135 161 129 160 WFI, FFO 
131 152 WFO, FFI 

0.3 133 143 146 160 WFI, FFO 
137 147 WFO, FFI 

122 114 141 154 138 145 WFI, FFO 
152 139 WFO, FFI 

134 132 154 163 144 161 WFI, FFO 
154 154 WFO, FFI 

146 148 159 165 151 158 WFI, FFO 
161 152 WFO, FFI 

136 126 144 146 142 152 WFI, FFO 
162 150 WFO, FFI 

145 143 152 158 155 160 WFI, FFO 
149 158 WFO, FFI 

157 152 163 164 147 161 WFI, FFO 
166 158 WFO, FFI 

140 143 143 143 138 145 WFI, FFO 
152 139 WFO, FFI 

143 141 155 156 150 149 WFI, FFO 
150 138 WFO, FFI 

157 150 156 167 157 156 WFI, FFO 
153 147 WFO, FFI 
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Condition Warp Filling 


threads removed 140 132 
Cross-thread removed 155 149 
Cross-threads removed 162 155 
Cross-threads removed 166 157 


corresponding increases recovery. seen from 
Table XV, removal cross-threads has increased 
the angle recovery. Apparently, the removal 
the cross-threads has created lengths the longi- 
tudinal yarn that can undergo lateral motion with- 
out having ride down cross-thread. 
There also created, the removal merely one 
cross-thread, tremendous reduction local thread 
texture. The elastic stability the free longitu- 
dinal yarns where the cross-threads have been 
removed greatly reduced, and thus the oppor- 
tunity for bending strain relief greatly enhanced. 


Conclusion 


The factors which affect the recovery from creas- 
ing fabric have been discussed. The factors 
examined have been fiber type and fabric construc- 
tion. has been indicated that high immediate 
elastic deflection low average tensile strains 
important fiber property determining the crease- 
recovery fabrics. has also been indicated that 
those construction variations which decrease the 
state strain the fibers and yarns when fabric 
bent will produce increases recovery from 
creasing. While the precise numerical effect 
changes construction cannot yet predicted, 
possible state that reductions rigidity and 
increases the opportunity for buckling, accom- 
plished decreased cover factors and employing 
fabrics which long floats are present, will create 
fabrics with increased recovery. has been em- 
phasized that great deal experimental and 
theoretical work the bending fabrics low 
radii curvature necessary for complete under- 
standing crease-resistance. While the explana- 
tions given herein satisfy the majority the data, 
the anomalies observed, addition the many 
possible causes the effects noted, indicate that 
there still great deal work done. 
Geometric effects such degree crimp balance 
have been alluded this work, but complete 
understanding their significance must await fur- 


TABLE XV. REMOVING LINE CREASE 


Journat 


Values angle (degrees) 


Warp Filling Warp Filling 
141 137 133 143 
156 149 157 
158 161 153 155 
162 162 160 157 


ther research. has been indicated that buckling 
yarns under axial compression and bending 
significant creasing. Thus, the importance 
research aimed clarifying the mechanics buck- 
ling textile fibers and yarns apparent. 

While the authors were preparing this work for 
publication, recent article Sommer [16] was 
called their attention. was indeed gratifying 
find that the general approach and conclusions 
reached Sommer are agreement with the work 
covered herein. 
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The Vibroscopic Method for Determination 
Fiber Cross-Sectional Area 


Textile Research Institute, Princeton, New Jersey 


Abstract 


The elementary theory the vibroscope, device for determining mass per unit length 
fiber, reviewed and the corrections from the simple law due elasticity are discussed. 
Various forms apparatus are described. Comparisons vibroscope results with results 
other methods are given. Agreement found within the limits precision the methods. 


Introduction 


The choice specific method for determining 
fiber cross-sectional area depends upon such factors 
purpose the determination, the precision, the 
time consumption, and the cost the apparatus. 
This paper concerned with the vibroscopic method 
determining the linear density, and thus the cross- 
sectional area filament. The vibroscope con- 


*Research Fellow Textile Research Institute. 

The first application the laws vibrating strings 
determination filament linear density appears that 
Gonsalves [2], who stated that for many 
years the method has been applied the A.K.U. factories 
and laboratories for production control.” modification 
the method was reported Dart and Peterson [1]. 


sists system for applying oscillatory force 
known frequency filament under tension, and 
means for detecting mechanical resonance under the 
applied oscillatory force. From the observed values 
frequency, tension, length, and other parameters, 
the cross-sectional areas can computed under the 
assumption nearly uniform linear density along 
the fiber. certain cases possible study 
nonuniformities observing higher modes vibra- 
tion.* The vibroscope particularly suited ap- 
plications where the cross-sectional area in- 
dividual fiber needed conjunction with mechani- 
cal data that fiber. 


study along these lines progress Textile Re- 
search Institute, and will reported later. 
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Theory 


According the well-known laws* for the vibra- 
tions perfectly flexible string, the fundamental 
lowest natural frequency, (cycles/sec.), for 
uniform string length density 
and cross-sectional area stretched between 
fixed supports under tension (dynes) given 


The higher natural frequencies (overtones) are har- 
monics the fundamental, and the frequency 
the mth mode (or 1)th overtone, or, the 
special case harmonicity, the mth harmonic) 
simply 

(2) 


practice, fiber not perfectly flexible, and 
correction must made for its stiffness. The 
effect stiffness raise all the natural fre- 
quencies over those for the case perfect flexibility, 
the higher frequencies being raised proportionally 
more than the lower. found [4] that equation 
(2) must modified, the following approximation 
being correct the second order 


Here the Young’s modulus the 
fiber material, and the moment inertia the 
fiber about the neutral axis The quantity 


When relations (3) and (4) are solved for pA, 


one gets, correct terms 
3 


The effect stiffness, reflected the nonvanish- 
ing has the consequence that the value for 
which would calculated from the simple expres- 
sion (1) must increased the factor 
where 


*The laws were determined experimentally Mersenne 
(1636) and Galileo (1638), and were deduced theoretically 
Taylor (1713) and (1759). 
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Furthermore, the overtones are longer integral 
multiples the fundamental, but depart from har- 
monicity between the mth mode and the mth mode 
the relative amount 


Some idea the importance these conse- 
quences may gained from Table which shows 
calculated values 52, and for several kinds 
fibers under what might typical experimental 
conditions. The fibers are assumed uniform along 
their length, and circular cross section. 
seen that the correction may easily become appre- 
ciable; but the deviation from harmonicity, 
small, and usually negligible far the stiffness 
effect textile fibers concerned. many cases 
the actual deviation appreciable, reaching 
2%, but deviation this magnitude usually 
attributable nonuniformity along the fiber 
length. From the definition (equation (4)) 
and (equation (6)), clear that the correc- 
tion increases importance the bending force 
increases relative the stretching force 
hence, increases with increasing with 
decreasing and with increasing is, 
the fiber begins behave more like vibrating 
bar and less like vibrating string. 

Equation (5), stands, explicit solu- 
ever, possible solve equation (5) explicitly 
for pA, get the following expression correct 
the same order equation (5): 


The shape factor defined yA?, has the 
value for circle, and for ellipse, where 
defined the ratio the two principal diam- 
eters for neutral axis coincident with major 
axis). Whenever the deviation the cross section 
from circularity appreciable, measured the 
deviation from unity the case elliptical 
sections (or analogous parameter for other 


shapes), and the plane vibration not controlled, 


uncertainty the correction exists. the 
section assumed circular 1), the un- 
When likely differ much from unity, 
usually worthless include the last term brack- 
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TABLE 


CORRECTIONS FOR USE WITH THE VIBROSCOPE 


Wool 1.31 22.0 380 
Cotton (coarse American Uplands) 
Viscose rayon denier) 1.54 16.7 220 
Nylon denier) 1.15 19.3 290 
Steel (0.001 in.) 7.7 25.4 510 


Substance 


ets equation mature cotton, the flattest 
the commercially important fibers, will run 
from whence the uncertainty the correc- 
For the cot- 
ton fiber listed Table the correction listed 
3.1%. the other hand, with nylon, likely 
only 0.8 1.2; thus, for the nylon fiber 
Table the correction listed 3.1% could 
between 2.8% and 3.4%. event, the vibro- 
scopic determination, computed equations (5) 
(8), likely correct within 1%, and 
believed that not ordinarily economical time 
and effort attempt extend the precision the 
vibroscope beyond this limit. 

actual use, course, one does not observe 
natural uudamped vibrations, but, rather, one vi- 
brates the fiber external means and observes 
the point mechanical For the fibers 
studied, the damping small, and believed 
that the resonant frequencies actually observed 
not differ appreciably from the natural frequen- 
cies given equation (5). 

Resonance may achieved varying any 
several quantities equation (8) until point 
maximum amplitude vibration reached. 
the constant-tension, variable-frequency method, 


TRANSDUCER 


AUDIO OSCILLATOR 


LAMP 
Schematic diagram electromechanical 
vibroscope. 


(%) 
0.89 1.8 
1.26 2.6 
1.48 3.1 
190 12.7 34.3 6.0 


leading correction term equation (8) varies 


approximately the first power pA; 
whereas the constant-frequency, variable-tension 
method, this term varies approximately 
the square root pA. the latter method 
gives correction term which changes less rapidly 
with thickness, though course the correction 
not necessarily smaller. 


Apparatus and Procedure 


Application Driving Force 


set the fiber into motion, necessary ap- 
ply periodic force some region the fiber. 
the forms vibroscope devised Gonsalves [2], 
and Dart and Peterson [1], and some forms 
developed Textile Research Institute, the fiber 
driven electromechanically vibrating point 
its support with electromagnet whose coil ex- 
cited the output audio-frequency oscillator. 
Figure schematic diagram this system. 
practice, the oscillator should have frequency range 
perhaps cycles/sec., and power output 
watt. The electromagnetic element can 
radio speaker, hearing-aid speaker, phono- 
graph cutting-head. driving ele- 
ment least equally Mechanical con- 
nection between the armature and the fiber 
achieved touching wire pin fastened the 
armature the fiber directly, tab which 
the fiber cemented. 

The chief advantages the electromagnetic method 
are low cost and simplicity. The disadvantages 
are the considerable care required position the 
fiber, the possible occurrence spurious resonances 
the driving system itself, the need for mechanical 
contact the driving system with the fiber, and the 
restriction position driving point and plane 
vibration. 


*Dart, L., and Peterson, E., 
JourNAL (in press). 
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Another method setting the fiber motion 
drive electrostatic forces. this method 
the output voltage from audio-frequency oscillator 
stepped spark coil and applied rounded 
electrodes placed close the fiber. bias voltage 
few hundred volts D.C. applied between the 
fiber and the electrodes. The apparatus thus 
kind “string electrometer.” Figure sche- 
matic diagram this system. practice, the oscil- 
lator must satisfy the same requirements the 
electromagnetic method—namely, frequency range 
perhaps 100-5000 cycles/sec., and power output 
watt. The output from the oscillator fed into 
the low-voltage side automobile ignition coil. 
shown Figure the high-voltage terminals 
are connected across the electrodes, which are 
copper wire bent shape. The electrode arrange- 
ment may altered excite specified mode easily. 
The values blocking capacitor and protective 
and isolating resistors are not critical. 
Geiger-Mueller counter battery supplies bias; since 
there drain, the battery expected last its 
shelf life few years. The A.C. voltage applied 
the fiber will range from 500 2500 volts, de- 
pending upon the power and frequency the os- 
cillator and upon the parameters the circuit. 
sometimes useful tune the circuit adding per- 
haps microfarad across the primary the 
spark coil. Near electrical resonance the circuit 
may necessary reduce the driving voltage 
order avoid sparking from the electrodes the 
fiber. positioning the electrodes, the driving 
point and the vibration plane can varied suit. 
The electrode spacing not critical; 1-3 mm. has 
been found satisfactory. the substance the fiber 


Audio 
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exceptionally good insulator, some difficulty 
may experienced getting suitable charge 
it. few minutes’ wait, exposure the rays 
from polonium button, will usually re- 
sult suitable accumulation charge. 

The chief advantages the electrostatic method 
are low cost and absence mechanical contact with 
the fiber. The disadvantages are the complication 
tuned electrical circuit, the possibility dam- 
age the fiber excessive voltage, and the 
culty sometimes experienced with fibers high 
resistance. 

fiber sound waves has been tried 
but has not yet been developed into practical sys- 
tem. The advantages would freedom from me- 
chanical contact and from restrictions fibers 
high the disadvantages would possible 
complexity the transducer and obnoxiously high 
noise level. 

resonance achieved the vibroscope vary- 
ing the driving frequency with fixed tension the 
fiber, necessary have accurate calibration 
the oscillator. The commercially available oscil- 
lator usually stable within over periods 
few weeks, and weekly calibration should 
enough insure reliable frequency measurability. 
the range from 180 1800 cycles/sec., and even 
higher, possible with little practice observe 
Lissajous figures the oscillator output against line 
frequency cathode ray oscilloscope. The 
vagaries the local power supply may such 
make worth while check the line frequency with 
vibrating reed frequency meter (or some other re- 
liable standard) the time calibration. 


Bottom Fiber Jig 


Fic. Schematic diagram elec- 
trostatic vibroscope (with optical pro- 
jection fiber image). 
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Application Tension 


most cases the stretching tension most 
easily applied attaching weight one end the 
fiber and allowing hang free. applications 
where the fiber cemented tabs for subsequent 
force-extension testing, sometimes possible 
use the tab itself weight. the event that the 
tab not heavy enough bring the resonant fre- 
quencies within the useful range the oscillator, 
hook may hung the tab. For routine testing, 
tabs uniform weight have been prepared punch- 
ing cutting them out 0.005-in. brass shim 
stock. The tabs are adjusted trimming 
standard weight so. With reasonable care 
applying the cement, weights reproducible within 
have been obtained. 

case resonance achieved varying the ten- 
sion fixed frequency, neat method use 
balance chain hanging from the lower fiber tab, 
was done Dart and Peterson [1]. The scale 
against which the support for the other end the 
chain runs may calibrated directly mass per 
unit length units (for example, denier grex), 
cross-sectional area units for fibers having con- 
stant volume density. 

another method achieving resonance 
varying tension constant frequency, the tension 
applied the extending head tensile-testing 
machine. The vibrating force may applied elec- 
indicated bump the force-extension curve, 
which thus can give information both mechanical 
and geometrical properties the fiber. Although 
resonance higher modes than the first can de- 
tected, practice the fundamental the only one 
observed. obtain adequate sensitivity, the ten- 
sion must increased rather slowly and the force- 
measuring element must have high sensitivity. 


Measurement Length 


very precise measurement length afforded 
the cathetometer the traveling microscope. 
However, the precision such measurement 
usually far beyond that justified the rest the 
data, and running calibrated screw over ex- 
panse several centimeters becomes tedious. With 
short fibers cotton fibers in. staple length) 

*The successful development this method has been 
effected independently Dr. Joel Lindberg, the Institutet 


for Textilforskning, Sweden, who has 
kindly communicated his results. 


the length can determined projecting the image 
the entire fiber onto scale placed 
the image plane microscope objective. The 
fiber length read directly with the aid the 


obviate peering through any kind 


ocular, magnified image the entire fiber can 
projected onto graduated screen. Any method 
which permits the entire fiber viewed one 
time has, course, the advantage permitting 
unequivocal determination mode vibration. 
cal system consisting headlight bulb, condensing 
lenses, and achromatic objective has been found suit- 
able allowing both measurement length and ob- 
servation resonance.* Probably the simplest way 
calibrate the optical system for length measure- 
ment mount standard fiber ordinary tabs 
and determine its length with cathetometer. 
The fiber then used permanent reference 
element. 

When crimped fiber vibrated, the computed 
linear mass density corresponds mass per unit 
length between supports, not mass per unit length 
measured along the center line the fiber. Conse- 
quently, when the crimp not essentially removed 
the tension, correction must applied when 
the mass per unit length along the fiber the quan- 
tity desired. 


Observation Resonance 


The simplest way observe resonance is, 
course, look directly the fiber. For the larger 
fibers under large driving power, this method 
satisfactory; but for smaller fibers small ampli- 
tudes, necessary aid the eye with magnify- 
ing glass low-power microscope, project 
magnified image the fiber the screen. Even 
then, strain the operator becomes appreciable 
might advantageous develop some means other 
than visual for detecting resonance. have made 
preliminary investigations electromagnetic, piezo- 
electric, and photoelectric techniques for observing 
the change vibrating state the fiber resonance. 
have also observed the increase average ten- 
sion resonance means standard force- 
devices. 

successful indicating method for determining 
resonance would have the obvious advantage per- 


35-mm. film projection lens set may obtained for 
few dollars from dealer surplus lenses. 
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mitting adaptation the equipment automatic 
recording, addition the advantage relieving 
operator strain. Moreover, increase sensitivity 
over that resulting merely from more precise de- 
termination amplitude maximum possible, 
principle, using detecting method which 
phase-sensitive instead amplitude-sensitive; for 
the phase shift curve has maximum slope upon pass- 
ing through resonance, whereas the amplitude curve 
has zero slope. The most promising combination 
which have tried electrostatic vibration and 
piezoelectric detection the point support. 


Results 
Time Consumption 


static vibroscope setup for determination cross- 
sectional area single fibers whose individual force- 
extension curves are obtained later tensile- 
testing machine. One end the fiber mounted 
with cellulose acetate cement celluloid tab, the 
other brass tab 0.005 in. thick, weighing about 
150 mg., including. cement.* The celluloid tabs for 
perhaps such mounted fibers are clamped 
circular fiber jig that has been designed for use with 
the tensile-testing machine. The jig placed 
support permitting its rotation hand, and the 
image single fiber projected ruled screen. 
The screen adjusted for coincidence between scale 
zero and end fiber image, and the fiber length 
read directly from the screen. The frequency 
varied high amplitude voltage until resonance 
first second order noted, and the frequency 
adjusted while the amplitude continually dimin- 
ished. The resonant frequency then taken 
vanishing voltage amplitude. check, both the 
first and second resonances are observed; the mode 
vibration easily determined since the image 
the entire fiber appears the screen. 

With this setup experienced operator can 
readily vibroscope set fibers hour. 
(The time required for selecting and mounting fibers 
not included.) the application discussed here, 
the raw data from the vibroscope are transferred 
punched cards for automatic computation, the time 
required for the transfer being only few seconds 
per fiber. With slide rule the computation without 
the correction term takes sec. (and with 
nomograph even less), since the tension can 

Mounting tabs not essential the vibroscopic 


method. suitable apparatus, continuous filaments can 
vibroscoped without cutting. 
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TABLE II. VIBROSCOPE AND 
BALANCE DETERMINATIONS MASS 
SINGLE COTTON FIBERS 


Vibroscope 

Fiber Fiber 

Linear balance balance 

Fiber mass reading 

No. Length density mass expected observed 
(cm.) (ug./cm.) 


2.51 1.42 3.57 18.8 
2.55 1.55 3.96 20.8 
2.53 2.02 5.11 26.9 
2.58 2.16 5.56 29.3 
2.54 1.16 2.94 15.5 
2.56 1.56 4.00 21.0 
2.63 1.74 4.58 24.1 
2.56 1.42 3.64 19.2 
2.56 1.26 3.24 17.0 
2.57 1.77 4.54 23.9 


included the constant once set brass tabs 
uniform weight has been prepared. The computa- 
need only approximate. estimated, then, 
that min. per fiber required obtain the 
value the cross-sectional area the vibroscope 
after the fiber has been selected and mounted. 


Comparison with Other Methods 


Twelve Sak cotton fibers were electromechani- 
cally vibroscoped, their lengths recorded, and their 
masses per unit length calculated. The fibers were 
carefully cut from their tabs, and were then weighed 
fiber balance the type described Lord 
The fiber balance, used this study, low- 
precision instrument, reading only one division 
out total 100 divisions. Table gives the 
comparison between the vibroscope results and the 
fiber balance results. The fiber lengths (second col- 
umn) are multiplied the corrected vibroscope 
linear densities (third column) get the total mass 
the fiber (fourth column), which turn mul- 
tiplied the calibration factor for the fiber balance 
(0.190 division) give the expected bal- 
ance reading (fifth column). The observed balance 
readings are given the final two columns, where 
the results two separate weighings are shown. 
seen that, with the possible exception fiber no. 
there seldom serious discrepancy between the 
results from the two methods. believed that 
the fiber balance measurement more likely 
error when there discrepancy. Only the linear 
density, pA, has been obtained here; find it- 
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TABLE III. VIBROSCOPE AND 
MICROBALANCE DETERMINATIONS 
Mass FIBERS 


Total Total 
mass mass 
micro- 
No. scope balance Difference Difference 
(ug.) (%) 
567 574 +1.2 
587 600 +13 +2.2 
588 584 —0.7 


self, one must know the density cotton the 
relative humidity during the test. 

Five wool fibers were electromechanically vibro- 
scoped, their lengths recorded, and their masses per 
unit length calculated. The fibers were cut from 
their tabs and were then weighed microbalance. 
The microbalance high-precision instrument, 
and believed that weights measured are 
correct within Table III gives the comparison 
between the vibroscope results and the microbalance 
results. Total mass the fiber determined with 
the vibroscope (linear density times sample length) 
given the second column, and the total mass 
the fiber determined with the microbalance 
given the third column. The differences micro- 
grams and percent are listed the final columns. 
seen that the agreement fairly good. 

Four 3-denier undrawn nylon filaments were elec- 
trostatically vibrated, and their average diameters 
calculated the assumption circular cross sec- 
tion. The fibers were then examined under micro- 
scope with eyepiece micrometer, and their average 
diameters determined. Table shows the compari- 
son between the vibroscope results and the micro- 
scope results. The second column gives the diame- 
ter vibroscope, and the third the diameter 
microscope; the differences microns and per- 
cent are given the final two columns. The per- 
centage differences diameter must doubled 
order compared with percentage differences 
area mass, course. Although the agreement 
seen rather good, believed that the dis- 
crepancies arise from failure take complete ac- 
count the slight ellipticity the fiber the 
microscope measurement, and that they could 
removed more refined investigation. 

appears, then, that the vibroscope will give ac- 
curacies within for diameter, and within 
for area mass, when used under the 


TABLE IV. VIBROSCOPE AND 
DETERMINATIONS FIBER 
DIAMETER 3-DENIER NYLON 


Diameter Diameter 
Fiber vibro- micro- 


No. scope Difference 
(u) (u) (%) 
21.2 21.5 —0.3 
17.2 17.1 +0.1 +0.5 
25.3 25.4 —0.1 —0.6 
18.5 18.2 +0.3 +1.6 


conditions described. believed that order 
get higher precision many additional refinements 
would required. 
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Introduction 


the last ten years considerable advances have 
been made the manufacture water-resistant 
fabrics and the development laboratory evalua- 
tion procedures means predicting their per- 
formance actual use. Real progress commenced 
with the development and evaluation testing pro- 
cedures which emphasized measuring the resistance 
the treated fabric water penetration rather than 
the efficiency the treating agent water- 
repellent. This served focus attention the im- 
portance fabric construction; the hands the 
Army Quartermaster, led cotton Oxford 
fabrics very high order resistance water 
penetration. 

The great success that has attended the Quarter- 
master work water-resistant fabrics serves 
point out the anomalies existing theories water- 
resistance. Cassie and Baxter [2, showed that 
the very high apparent contact angles against water 
observed water-repellent treated textiles are 
caused the porous nature the yarn surfaces. 
They attributed the failure water-repellent fabrics 
during exposure rain the formation stable 
water films between the fibers the surface the 
yarns forming the fabric pore walls. Such films 
would show contact angle zero, and there would 
resistance water penetration. was stated 
that the efficiency woolen fabrics resisting wa- 
ter penetration caused the low bulk density 
the yarns, which, they have wide fiber 
separations, also have high apparent contact angles. 
Moreover, wide fiber separation makes interfiber 
film formation more difficult. was stated further 
that the use fine dense cotton yarns tight weaves 
produces small interfiber spacings, with consequent 
lower apparent contact angles and greater ease 
interfiber film formation, which would produce early 
failure exposure rain. 


*The work reported herein was presented meeting 
The Fiber Society Princeton, J., 10, 1952. 


additional theory explain the superiority 
very open woolen felted gauze over compara- 
tively tightly woven cotton gabardine was advanced 
tion the impact water drop thin sup- 
ported film, they developed mathematical relation- 
ships for the pressure exerted the drop 
tion time. assuming special values for the 
moduli elasticity the cotton and woolen 
under compression, they showed that the impact 
raindrop the cotton fabric exerts pressure 
cm. water, while the more compressible 
woolen fabric only cm. water pressure 
exerted. 

believe the theory Baxter and Cassie 
inadequate for the following 


(1) Cotton fabrics woven sufficiently tight, such 
the Quartermaster fabrics described Lands- 
berg, Kelly, and Sinski [5], are superior the best 
woolen fabrics, whereas, according the Baxter 


-and Cassie tight weaving fine yarns should 


lead close fiber spacings, ease interfiber film 
formation, and early failure the fabric. 

(2) Woolen fabrics absorb much higher per- 
centage water during penetration test than 
cotton fabrics; similarly, cotton fabrics absorb more 
water than nylon fabrics. The order resistance 
water penetration, the other hand, may 
wool cotton nylon. The absorption water 
must indicate that interfiber film formation well 
advanced long before penetration the fabric occurs. 

(3) When the critical head which failure oc- 
curs the A.A.T.C.C. rain test exceeded for cer- 
tain fabrics, failure can occur instantly. would 
impossible for stable films form such short 
time. Other fabrics similar thickness and fabric 
pore size will resist penetration considerably 
higher head water the testing apparatus. Al- 
though the rate film formation for the resistant 
fabric, measured the wetting test Cassie and 
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Baxter [2], lower than for the easily penetrated 
one, the quantitative correlation poor. 


appeared that various fabrics differed 
their resistance water penetration way which 
could not explained adequately the properties 
thickness and pore size (pores are formed the 
interstices warp and weft yarns), formation 
stable interfiber water films. 


Experiment and Theory 


The aim the present research was, first, ex- 
amine the validity the Karrholms’ thesis that such 
differences could accounted for differences 
the compressibility the fabrics, assumption 
heretofore not tested experiment. experi- 
ment was set where the fabric sample, cemented 


737 


electric crystal, was subjected the impact 
small water drop. The output from the crystal and 
comparison time signal were introduced into 
double-beam cathode-ray oscilloscope, and the beam 
traces were photographed. There were essen- 
tial differences the shapes the curves obtained 
for series nylon, cotton, and fabrics 
treated with repellent (Figure 1). Their slopes 
and duration impact were essentially identical. 
can concluded that the course the impact 
water drop fabric not controlled any ap- 
preciable degree the nature the material mak- 
ing the fabric. 

have thus felt necessary seek another ex- 
planation which would account for resistance 


Wool platform no. 


Nylon platform no. 


Cotton platform no. 
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water penetration terms fabric properties. 
theory has been developed which supported 
experimental data involving relationship between 
the pore size the fabric and the interfiber distance 
the surface the yarns comprising the fabric 
pore walls. has been shown that good resistance 
water penetration secured when the hydro- 
static pressure resistance, the fabric corre- 
sponds with the pressure, Py, required force 
water between the fibers the surface the yarns 
comprising the fabric pore wall, function 
both fabric pore size and the interfiber distances 
the surface the yarn, while function only 


the latter. Table are listed some the typi- 


cal results obtained. 

The structures the fabrics described Table 
are listed Table II. 

evident that good resistance water pene- 
tration associated with high degree corre- 
spondence between and Py, and that this relation- 
ship holds over wide range pore sizes. Such 
correspondence important because should 
rapid dissipation pressure produced the 
impingement water drop the pore. This 
might represented diagrammatically, Fig- 
ure 


TABLE 
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FABRIC PORE 


FABRIC PORE 
FABRIC SURFACE. 


Fic. Schematic diagram fabric pores. 


(Figure idealized schematic represen- 
tation the case where P~Py. The interfiber 
spaces act orifices, equivalent capacity the 
fabric pore itself. Upon impact water drop, 
relatively little water penetrates the bottom sur- 
face the fabric, but distributed laterally into 
the wall the pore. After the pressure build-up 
subsides, surface tension forces the water back and 
equilibrium re-established. Fabrics nos. 5-9 
would represented such picture. (Figure 
represents conditions where the interfiber space 
the yarn surface considerably smaller than 
the pore radius; hence, Since the pressure 


PENETRATION PRESSURES AND 


A.A.T.C.C. 
Fabric Fabric rain test 
No. thickness Pore size Drop penetration test Head failure 
(mils.) (cm. (cm. 

8.9 13.06 46.3 480 min. sec. ft. 
10.2 12.08 55.8 238 min. sec. ft. 
11.4 11.84 60.4 190 min. sec. ft. 
10.7 14.46 55.6 126 min. sec. ft. 
10.6 12.12 80.6 cc. 100 min. ft. 
10.24 90.2 4.2 cc. 180 min. ft. 
9.32 98.5 cc. 127 min. ft. 
9.92 92.1 84.2 cc. 113 min. ft. 


TABLE II. 


FABRIC STRUCTURES 


Yarn No. 
No. Warp Filling Warp Filling Weave 
190 140-denier Orlon 140-denier nylon Oxford 
208 140-denier nylon 70-denier nylon Oxford 
200 nylon 140-denier nylon Oxford 
236 70-denier nylon 14’s direct spun viscose Oxford 
102 38/2 cotton cotton Plain 
184 76/2 cotton 80/2 cotton Oxford 
141 58.3/3 cotton 43.3/3 cotton Oxford 
196 78.2/2 cotton 61.0/2 cotton Oxford 
194 78.2/2 cotton 41.2/2 cotton Oxford 
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required force water through the fabric pore is. 
small compared the interfiber penetration pres- 
sure, Py, the pore may considered rigid walled 
tube, and the amount water forced through the 
fabric the impact the water drop will func- 
tion only the normal pressure drop the tube 
according the capillary and hydraulic equations. 
When type pore becomes filled with water be- 
cause stable interfiber film formation, impinge- 
ment water drop the pore causes temporary 
water displacement each the wall orifices. The 
actual displacement the output side the pore 


will only fraction, the number equiva- 


lent orifices the pore), that forced through 
type pore. the case the type pore, inter- 
fiber film formation would serve lower the contact 
angle and, hence, reduce the resistance water 
penetration. This mechanism thus accounts for the 
observed differences fabrics and the ability 
certain fabrics (containing type pores) resist 
penetration even after considerable water ab- 
sorbed. 

The method calculation was developed 
Baxter and Cassie, who demonstrated that 


where the surface tension water, the 
radius the fibers, the distance between ad- 
jacent fiber surfaces the surface the yarn, and 


the fiber-water advancing contact angle. 
may calculated when and are known. 
The first three these quantities are usually known 
with some precision. our work the determina- 
tion was accomplished methods which de- 
pend upon the experimental determination the 
apparent contact angle the fabric pore wall 
the method Bartell, Purcell, and Dodd [1], with 
substitution Cassie and Baxter’s equations for the 
apparent contact angle array parallel cylin- 
ders (fibers). The equations are follows: 


fi= 


these equations, the apparent advancing con- 
tact angle, the advancing contact angle for the 
solid-liquid interface (105° for the water-repellent 
used this work), the pressure required 
force air through the sample wet with and covered 
zero-contact-angle liquid (observing the same 
number leaks the determination P), and 
the surface tension the zero-contact-angle 
liquid the other symbols have already been defined. 

Thus, with known values and yo, the 
determination and permits the calculation 

more precise form equation (5) would 


P, Yo 


where the radius the yarn, and the dis- 
tance between yarn surfaces (pore diameter), which 
takes into account the curvature the surface 
cylindrical yarns. However, with the very tight 
fabrics considered this work, yarn distortion 
makes equation (5) equally suitable equa- 
tion (6). 

important recognize that the value 
the effective average yarn interfiber penetration 
pressure for the walls the largest pores. 
accurate only far the values for the quanti- 
ties used the equations are valid. Baxter and 
Cassie discussed Py, which they calculated from 
value based the assumption uniform fiber 
distribution yarns known bulk density. Using 
such values, they found that always high com- 
pared and concluded that yarn penetration 
importance the process fabric penetration 
water. They showed that for woolen great- 
125 Since general experience indicates 
that yarn less dense its periphery than the 
core, value for the fibers the yarn surface 
calculated from the yarn bulk density (assuming 
uniform fiber distribution) would too low. Fur- 
thermore, tightly woven structures the yarn den- 
sity varies continuously between the interlacings, 
and the yarn may distorted shape. Hence, any 
assumption the values for based measure- 
ments the yarn fabric surface would 
incorrect. However, for the comparatively loosely 
woven woolen greatcoat material mentioned above, 


would possible calculate based the ‘ob- 
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served yarn apparent contact angle, 150°, 
cm. water, which corresponds fairly weli with 

The new principle described herein the function 
fabric construction related the water-repel- 
lency textiles may summarized follows. 
given tightness weave, optimum performance 
obtained when the hydrostatic pressure-resistance 
the fabric equal the interfiber penetration 
pressure the yarn surface forming the fabric pore 
walls. The smaller the pore size which such cor- 
respondence achieved, the higher will the 
level water-resistance obtained. terms 
fabric construction, this means that the choice 
proper yarns with respect their density the 
finished fabric important tightness weave 
and the use good water-repellent finish. The 
fabrics described this paper were the Oxford 
construction. Variations weave, thickness, and 
other constructional factors which affect the size, 
length, inclination, and shape the fabric pores will 
all have more less profound effects the level 
performance obtained. any given pore size, 
the optimum results will depend upon the corre- 
spondence between and Py. 

This principle could used guide the de- 
velopment more serviceable water-resistant fab- 
rics. For example, fabrics nos. 6-9, Table are 
very tightly woven Oxford-weave cotton fabrics de- 
signed give maximum water-resistance. Very 
tight weaving can produce serious loss tear 
strength. This might make necessary redesign 
the fabric order attain satisfactory compro- 
mise between water-resistance and tear strength. 
The theory outlined would indicate that yarns should 
chosen that the fabric pores are made larger 
looser weaving, correspondence between and 
will maintained. 

The very large effect which the relationship be- 
tween and can have water-resistance well 
Although the two fabrics are similar weave, thick- 
ness, and pore size, the wider fiber separations 
the surface the pores fabric no. result ap- 


proximate correspondence and Py. The poor 


correspondence these values fabric no. are 
related the closeness these fiber separations. 
The end-result produce values drop-penetra- 
tion-test times differing factor 40. The re- 


Test 
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spective wetting times the test proposed Baxter 
and Cassie measure the decay the reced. 
ing contact angle caused interfiber film 
tion are sec. and 133 sec. However, fabric no, 
which considerably more water-resistant than fab. 
ric no. had wetting time That the 
superior water-resistance fabric no. over fabric 
no. caused the relationship between and Py, 
and not differences the swelling characteristics 
nylon and cotton, illustrated the rain test 
results. Fabric no. resists the full head the in- 
strument before any swelling can occur. 


Experimental Methods 
Water-Repellent Treatments 


All samples were treated with Impregnole 
C2B, using each component. The dried sam- 
ples were heated for min. 105°C. the case 
cotton and Orlon fabrics, the water-repellent treat- 
ment was followed alcohol wash remove 
any adsorbed surface-activé materials. The 
ing contact angle the repellent glass was 105° 
the tilting-plate method. 


Drop Penetration Test 


The hard backing procedure Sookne, Francis, 
Simpson, and Harris [6] was used. Results are ex- 
pressed either time for cc. water penetra- 
tion volume water pentrating hrs. 


Rain Tesi 


The test described the Technical Manual and 
Year Book the American Association Textile 
Chemists and Colorists.* Our results are expressed 
the head water applied the spray nozzle 
which greater than cc. penetration occurred 
min. 


The apparatus was constructed according the 
directions Baxter and Cassie [2]. The wetting 
time taken the time required for the contact 
angle water against strip fabric decrease 
90° when the strip material withdrawn from 


New York, Howes Publishing Co., Inc., 1950, 137. 
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Measurement the Impact Water Drop 
Supported Textiles 


The dropping device consisted capillary, lo- 
cated the top glass chimney feeding single 
water drops 0.006 cc. volume (radius, 0.112 cm.) 
through fall ft. onto the fabric sample the 
bottom the chimney. The sample disc fabric 
treated with repellent was cut fit thin Lucite 
cm. diameter which was cemented. 
The platform was rigidly connected piezoelectric 
high-output phonograph pickup. The output the 
crystal was observed means 
cathode-ray The beams were triggered 
Thyratron switch, and the voltage curve against 
time was carried one beam while the second beam 
carried time-calibrating signal. Results 
quite reproducible with given platform. The 
use different platform changed the curves only 
slightly (see Figure 


Hydrostatic Pressure Resistance 


The measurements were made according the 
procedure the A.A.T.C.C. The value taken was 
the pressure cm. head water which caused 
penetration through three points the fabric. The 
values for ten samples each fabric were averaged. 


“Maximum Pore Size and Apparent Contact Angle 


Measurement 


The method was essentially that Bartell, Pur- 
cell, and Dodd [1]. sample clamped over pres- 
suring chamber and wet with and covered 
mm. layer liquid having zero contact angle against 
the fabric was subjected air pressure from the 
underside until three leaks through the sample were 
noted. The pressure this point was recorded. 
The same samples that were tested for hydrostatic 
pressure-resistance were used. The cell was that 
used the hydrostatic pressure-resistance appara- 
tus. The maximum pore size was then calculated 
from the capillarity equation, assuming square 
cylindrical pores: 


where the pore radius, the surface tension 
the liquid (22.4 dynes/cm. for the ethanol-methanol 
used), and the observed air pressure dynes/ 
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The apparent contact angle was calculated ac- 
cording equation (5). 


Fiber Radius 


The value for the fiber radius, required for calcu- 
lation and hence Py, was readily calculated from 
the single filament denier the case nylon. For 
cotton, which has noncircular cross section and 
highly variable, average radius was taken. 
For Orlon, which also has noncircular cross sec- 
tion, the fiber “radius” was calculated from the single 
filament denier, assuming circular cross section. 


Summary 


theory water-resistant fabrics has been de- 
veloped which reconciles anomalies earlier ideas 
the effects tight weaving and yarn porosity 
water-resistance. has been shown that high water- 
resistance associated with correspondence be- 
tween the hydrostatic pressure-resistance the 
pores the fabric and the interfiber penetration 
pressure the fabric pore walls. follows that the 
smaller the pore size which such correspondence 
achieved, the higher will the level water- 
resistance obtained. mechanism accounting for 
the effect such correspondence proposed. 
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Introduction 


The problem flameproofing textiles applied 
nylon tentage has been reviewed recently [7, 9]. 
was stated [7] “In lightweight tentage problem 
has arisen which has not been successfully solved 
and which extends well clothing. the ap- 
plication fire-retardant utilizing the metallic 
oxides, the nylon seriously damaged. Accord- 
ingly, for fabric this type any fabric utilizing 
nylon, different kind fire-retardant treatment 
will needed.” 

Until recently the literature has provided limited 
information regarding the chemical reactions re- 
sponsible for the products formed the pyrolysis 
the nylon polymer. the preparation nylon, 
Taylor observed the presence ammonia and car- 
bon dioxide the gaseous products [11]. Reinhold 
and others mentioned the characteristic celery odor 
provided burning nylon [3, 10]. The polyamide 
becomes reddish brown color when heated 
air and decomposes higher tem- 


peratures, with the evolution white fumes [5]. 


the presence traces oxygen higher tem- 
peratures, product formed which insoluble 
formic acid hot phenol but which swells greatly 
tricresol and xylene [4]. 

More comprehensive was the investigation the 
heat-breakdown nylon Achhammer al. 
These authors were interested determining which 
bonds are broken when nylon molecules are rup- 
tured. Nylon samples 66/6 and 610/6 polymers 
were heated 420°C high vacuum for min., 
and the pyrolysis products—gases, liquids, and non- 
volatile residues—were collected separately. Only 
the gaseous products, amounting about 
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York City. 


the total, were analyzed. The mass-spectroscopic 
data disclosed wide variations the composition 
the pyrolysis gases; different starting 
yielded different results. With the exception 
carbon dioxide and carbon monoxide, these volatile 
products consisted aliphatic and aromatic hydro- 
carbons, saturated and unsaturated, less than 
seven carbons the molecule, and cyclopentanone, 
volatile nitrogen-containing compounds were 
found these authors. Carbon dioxide was ob- 
tained ten times the amount that could 
counted for originating from the end-groups 
the linear nylon polymer chain. 
validity the conventional acid amide formula for 
nylon, 


and the basis the information uncovered 
them, Achhammer al. concluded that the polymer 
chain breaks the —C—-N— bond the peptide 
group and that the nitrogen atom remains attached 
the polymer molecule. 

These authors found also that nylon 66/6, which 
insoluble ethanol, produces large amounts 
ethanol-soluble products however, they 
did not draw any conclusions from this observation. 

The present work comprises exploratory in- 
vestigation for ascertaining what type products 


are formed pyrolysis nylon 66, and whether 
the composition these can changed render 


nylon nonflammable. The results reported are the 
averages for number individual tests. 
The nylon fabrics were analyzed for carbon, 


hydrogen, nitrogen, and ash, and these figures were 
compared with corresponding data specific 


series products obtained pyrolysis the fabric 
(Table The reactions employed were selected 
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PYROLYSIS 
TEMPERATURE 
350 
erials 
ydro- PYROLYSIS TIME HOURS PYROLYSIS TIME HOURS 
than Fic. Weight loss nylon after pyrolysis. Weight alcohol-soluble material present 
none, residues unscoured nylon after pyrolysis. 
ob- order illustrate the main chemical effects paste, 0.5 soap olive-oil soap, 0.5 Ib. 
nylon polymers. sodium phosphate, and 100 lbs. water, followed 
subsequent rinsing with water. 
Experimental [8] 


for Starting Material Weight Loss Unscoured Nylon Pyrolysis 


Oxford nylon cloth 41, “Stock No. nylon fabric was cut into pieces (74 in. 


Burlington Mills, 41,” was used these experi- 
ments. The warp was slashed with Elvanol (poly- 


in.) and placed desiccator overnight. 
Pieces weight were placed aluminum 


vinyl alcohol), but over-oiling the warp in. in.) and pyrolyzed Lindberg 
used and finish any kind was applied the which was adjusted 10°C 280°, 305°, 
ymer filling yarn. The melting point the fabric was 330°, 350°, 375°, and 400°C with standardized 
ptide about 255°C (metal block). order Pyrolysis time was varied from hr. 
these materials the fabric was “scoured” according Figure the weight loss the 
vhich Nemours Co. [2] leaching for hr. volatile materials were produced heat- 
200°F with solution containing 0.5 lb. Duponol ing for hrs. but when the cloth 
they 
in- 
Ash 
ducts residue after Oxygen 
ether Nylon sample Carbon Hydrogen Nitrogen combustion (by difference) 
nder (%) (%) (%) (%) (%) 
the Natural (as received) 62.00 9.79 11.62 0.30 
61.92 9.70 11.61 0.45 16.32 
Scoured 61.74 9.71 11.80 0.45 
rbon, 61.60 9.89 11.67 0.24 16.60 
Zelan-treated 61.84 9.78 11.36 0.37 16.65_ 
ecific Dyed with acetate dye 9.76 11.65 0.21 
abric 61.80 9.97 11.86 0.10 16.27 
ected 63.66 9.80 12.38 14.15 
All analyses were made the Micro-Tech Laboratories, 800 Lincoln Ave., Skokie, 
Calculated for repeating unit 
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PYROLYSIS TEMPERATURE 
CARBON 
© OXYGEN 
4 NITROGEN 
@ HYDROGEN 


ETHANOL SOLUBLE PORTION 


Fic. Weight carbon, hydrogen, nitrogen, and oxygen 


unscoured nylon after pyrolysis for hr. 


was heated for hrs. 400°C lost 85% its 
weight. 


The Formation Ethanol-Soluble Materials 

Pyrolysis Nylon Fabric 

The charred nylon samples from the above experi- 
ments were extracted with ethanol Soxhlet ex- 
tractor, the alcohol was removed distillation, and 
the residue was kept drying oven 80°C 
until the weight became constant. The weight 
alcohol-soluble material for samples heated dif- 
ferent temperatures charted Figure and the 
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300 320 340 360 
PYROLYSIS TEMPERATURE 10°C 


Fic. Weight initial carbon, 
hydrogen, nitrogen, and oxygen 
residues and volatiles 
nylon after pyrolysis for hr. 


elementary analyses for the ethanol-soluble and 
-insoluble portions the residue are charted 
Figure These results are surprisingly similar, 
and suggest that nylon depolymerizes 

Figure shows the significant fact that most 
the nitrogen and oxygen are given off compara- 
tively low temperatures, thus suggesting that the 
formation ammonium carbonate one the pri- 
mary reactions the pyrolysis the nylon fabric 
used these investigations. 


TABLE II. NYLON 
Average percent components after hydrolysis* 
Ether- Water- 
Unhydrolyzed soluble soluble 
Pyrolysis Pyrolysis Weight insoluble Organic neutral unidentified 
time temperature loss materials acids materials Amines material 
(hrs.) (+10°C) (%) (%) (%) (%) (%) (%) 
Unheated blank 1.93 12.60 2.15 2.50 80.82 
250 9.76 2.09 8.45 1.46 87.00 
300 5.10 2.63 6.84 1.81 1.25 87.47 
350 14.50 2.45 1.35 9.81 77.14 
250 23.77 41.94 1.03 
300 6.39 3.87 9.94 2.41 4.59 79.19 
350 43.80 69.23 2.71 3.24 3.96 20.86 
250 26.39 47.39 5.05 3.49 2.15 41.92 
300 9.25 6.47 6.46 1.18 2.16 83.63 
350 72.01 100.91 0.00 0.00 1.25 0.00 


Percentages are based the weight the nylon after pyrolysis. 


4 
1 
| 
& 


RNAL 


1952 


Acid Hydrolysis Heated Nylon Fabric 


studying the pyrolysis hydrolyzed nylon 
fabric, the following experiments were carried out 
order determine the changes occurring the 
acid and amine parts the nylon amide. The sam- 
ples fabric heated described above were hydro- 
lyzed refluxing with 100 cc. 20% hydrochloric 
acid for hrs. cooling, the reaction product 
was extracted with ether, and insoluble materials 
were filtered off. 

The ether extract, containing the organic acids 


and inert materials, was worked conventional. 


manner. The inert material listed Table 
“ether-soluble neutral The aqueous solu- 
tion containing the organic acids gave, after series 
steps, small amount reddish oil and had 
strong odor n-valeric acid. The amount (0.05 g.) 
was too small permit further identification, par- 
ticularly since the substance still contained inert 
materials, ascertained the determination the 
neutralization equivalent. Adipic acid was identi- 
fied the nonsteam volatile portion, after purifica- 
tion recrystallization, through its melting point 
(150.5°C). 

The results series these experiments reveal 
that the acidic component rapidly disappears heat- 
ing the nylon polymer, whereas the amine portion 
less affected temperatures about 350°C. 
Table illustrates the yields various products iso- 
lated from the mixture obtained the result 
hydrolyzing pyrolyzed nylon fabric, and Figure 
the weight percent amines and organic acids 
unscoured nylon pyrolyzed 350° 10°C with in- 
creasing time treatment. 


Determination Carbon Dioxide and Ammonia 
Formed Pyrolysis Unscoured Nylon Fabric 


preliminary tests the observation was made 
that nylon cloth pyrolysis produces white fumes 
which consist mainly ammonium carbonate. 
Along with the ammonia, small amounts other 
steam-volatile bases are produced lower tem- 
peratures. prolonged heating the amount 
bases increases. was in- 
terest determine the amount carbon dioxide 
and the relative quantity ammonia formed. 

2.5-g. sample unscoured fabric, cut into ap- 
proximately in. squares, was placed in. 
in. tube fitted with 24/40 S/T joint. The 
thermometer bulb in. from the bottom the 
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© AMINES 
4& ORGANIC ACIDS 


WEIGHT PERCENT 


HOURS 


Fic. Weight amines and organic acids 
unscoured nylon pyrolyzed 350° 10°C. 


PERCENT 


O % TOTAL NITROGEN 
N as 
--- PREHEATING PERIOD 


HOURS 


Fic. 


Yield ammonia and nitrogen pyrolysis 
unscoured nylon 375° 4°C. 


PERCENT 


PYROLYSIS TEMPERATURE 
& 375°C 

350°C 

—- PREHEATING PERIOD 


TiwE IN HOURS 


unscoured nylon. 


tube. The heating tube containing the nylon sample 
was immersed in. into Sargent heater. The 
pyrolysis was carried out nitrogen; the end the 
nitrogen gas inlet tube was in. from the bottom 


3 
6 - | 
and 
the 
; 


746 
TABLE III. Carson, NITROGEN, AND ASH 
ANALYSES RESIDUES 
FROM FABRIC 
Tem- Pyrolysis Hydro- 
perature Time Carbon gen Nitrogen Ash 
(%) (%) (%) 
330 79.22 9.95 5.70 0.58 
375 81.58 9.77 5.38 0.62 
375 85.09 2.72 2.38 0.98 
505 84.40 2.73 0.89 1.51 


the Nesbitt absorption tubes containing 0.10N 


sulfuric acid and 50% aqueous solution potas- 


sium hydroxide were employed collect base and 
carbon dioxide, respectively. The sulfuric acid solu- 
tion containing the total amount base was then 
made alkaline and was steam-distilled, and the am- 
monia collected 0.10N sulfuric acid was deter- 
mined titrimetrically. Figure shows the 
nitrogen and ammonia produced heating nylon 
cloth 375°C for hrs. The yields carbon 
dioxide 350° and 375°C are shown Figure 

The results the elementary analyses for carbon, 
hydrogen, nitrogen, and ash the residues ob- 
tained the pyrolysis nylon fabric described 
this section are shown Table III. The data fur- 
ther support the observation that the nitrogen and 
oxygen are removed the beginning, and hydrogen 
the end the reaction. The hydrogen appar- 
ently given off combined form low-molecular- 
weight aliphatic hydrocarbons, since butene was 
identified. 


Isolation Butene the Pyrolysis Gases Nylon 
Fabric 


125-g. sample unscoured nylon cloth was 
heated the manner described the preceding sec- 
tion with the addition 500-cc. three-neck flask 
fitted with reflux condenser. Ten milliliters 
bromine was placed the flask. Upon completion 
the pyrolysis, the bromine was taken ether 
and treated with aqueous bisulfite solution re- 
move excess bromine. The ether solution was then 


washed three times with water solution sodium 


carbonate and dried with anhydrous sodium sulfate, 
and the ether was evaporated. The yield the 
bromo compound was 15.5 Although the product 
decomposed partially distillation, the crude ma- 
terial was analyzed. The analysis agrees, within 
the limits error, with dibromo-butane: calculated 
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found—C, 21.62% Br, 75.31%. 


Ignition, Flash- and Fire-Points Nylon Fabric, 


Components Nylon, etc. 


With air flow 0.2 cu. ft./min., ignition 


occurs when the temperature sample gradu. 
ally raised from room temperature 560°C during 
hr., but self-ignition occurs when sample fabric 
introduced oven about 490°C the same 
air-flow rate. 

Flash- and fire-points pyrolysis distillate are 
compared below with nylon component values 
determined the Cleveland open-cup method. 


Flash-point 
(°C) (°C) 
Distillate 175 187 
Adipic acid 215 235 
Hexamethylene 92-125 97-128 
diamine 


The values for are much lower that the 
ignition temperature the nylon fabric itself, in- 
dicating partial depolymerization before the ap- 
pearance volatile flammable products. 


Destructive Distillation Nylon Fabric 


When destructively distilled nitrogen atmos- 
phere, 100 nylon fabric gave distillate, 
The distillate yielded 21.5 amines, 0.2 
acids, 0.2 phenols, 20.5 neutral constitu- 
ents, and 44.6 water-soluble compounds (by 
difference). Attempts fractionate the amine frac- 
tion distillation ordinary pressure failed because 
decomposition, indicating further depolymeriza- 
tion. The neutral constituents showed high boil- 
ing point and were dark and fluorescent. cyclo- 
pentanone was isolated attempted fractional 
distillation which caused decomposition the neutral 
constituents. This experiment showed that depoly- 
merization the polymer occurred with appreci- 
able cross-linking. 


Screening Tests Chemicals Suitable for Flame- 
proofing and Glowproofing Nylon Fabric 
Strips scoured and nylon were 
soaked for min. solution, water ethanol, 
containing 20% the flameproofing chemical. 
The fabric was then air-dried and placed 
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oven 80°C for hr. 
were used 


The following chemicals 


Diammonium phosphate 

Monoammonium phosphate 
*Ammonium chloride 
*Ammonium bromide 
*Ammonium sulfate 

Urea 

Acetamide 

Monosodium phosphate 
*Zinc chloride 

Sodium carbonate 

Sodium tungstate 

*Mercury thiocyanate 
*Sulfamic acid 

Melamine resin 

Phthalimide 
*Bromophthalimide 

Succinimide 
**Formaldehyde thiourea 


Samples each impregnated material were cut 
into pieces and heated between microscope cover 
glasses oven various temperatures. Note- 
worthy the fact that zinc chloride 
containing compounds raise the melting point the 
nylon polymer. The samples marked with one 
asterisk (*) increased the melting point charred 
nylon temperatures below 400°C. They also im- 
parted glow- and flame-resistance the molten 
fabric. 

The treated strips were subjected the match 
the strips were ignited with lighted 
match while the fabric was held vertical posi- 
tion. these tests the compounds marked with two. 
asterisks (**) produced fabric which did not 
propagate the flame, and the molten nylon was glow- 
proof. All other chemicals not marked with the 
asterisks increased the flammability nylon. 

more critical evaluation the preferred com- 
pounds progress. The match test was used 
quick method screening. 


Summary 


Pyrolysis the nylon fabric causes depolymeriza- 
tion the polymer, and not cross-linking the 
aliphatic polymer chains. 
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The discovery that considerable amounts am- 
monia are formed the pyrolysis nylon incom- 
patible with the assumption Achhammer al. [1] 
that the main reaction mechanism the breaking 
the —NC— bond. The present work shows that 
the breaking also occurs the —CH,—-CO— bond, 
and that this reaction should one 
the possible reactions nylon pyrolysis. The car- 
bon dioxide and ammonia formation nylon pyroly- 
sis cannot explained conveniently from the ac- 
cepted acid amide formula for the nylon polymer. 
The nylon fabric used this work contained more 
oxygen but less carbon and nitrogen than calculated 
for the nylon polymer repeating unit 
assuming that nylon salt linkages are 
present the acid amide chain, the formation 
ammonium carbonate may take place the same 
manner the synthesis aliphatic hydrocarbons 
from the alkali salts the fatty acid series, described 
Krafft 

Unscoured and scoured nylon fabric samples im- 
pregnated with various flameproofing chemicals used 
for other textiles, heated 400°C, show that 
most conventional flameproofing materials used for 
other textiles tend increase the flammability 
nylon, except for certain sulfur- chlorine-contain- 
ing compounds. postulated that the latter pre- 
vent flame propagation molten nylon the fact 
that they produce acidic sulfur compounds and hy- 
drogen halides pyrolysis. These, turn, de- 
compose the ammonium carbonate produced 
heated nylon, with the liberation carbon dioxide. 
The amount carbon dioxide formed may not 
sufficient itself prevent flame formation. How- 
ever, may assumed that the use flameproof- 
ing materials capable producing acidic sulfur com- 
pounds hydrogen may increase the action 
the carbon dioxide preventing the formation 
heat-stable carbonates acid 
amides. 
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Frank Magne and Evald Skau 


HEN cellulosic fibers containing moisture are 
cooled below all the water will not freeze, 
even very low temperatures [23, 32, 33]. 
quantitative study this phenomenon presents 
new approach the study the cellulose-moisture 
relationship, which fundamental importance 
wide variety cotton textile problems since the 
physical properties the fibers are very sensitive 
changes moisture content. 

Details the application the calorimetric, heat- 
of-fusion method for determining the nonfreezing 
water present textile fibers various moisture 
contents were presented previous publication 
[23]. Data have now been obtained show the 
effect variety, maturity, and various physical and 
chemical treatments cotton, including 
tion, mercerization, decrystallization, partial acetyla- 
tion, and alkali-swelling with solvent-exchange dry- 
ing, the amount nonfreezing water can hold. 
The results limited number experiments 
the corresponding nonfreezing benzene values have 
important theoretical implications. 


portion this paper was presented before the Textile 
Section the Gordon Research Conference, New London, 
H., July 18-22, 1949. 

the laboratories the Bureau Agricultural 
and Industrial Chemistry, Agricultural Research Adminis- 
tration, Department Agriculture. 
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Experimental Procedure 


The experimental method involves essentially the 
determination the number calories necessary 
raise the fiber samples containing known amounts 
water the sample freezes, fusion 
water, amounting cal./g., included; none 
frozen, heat fusion involved. the one 


112.5 cal./g. water are required, and the 


other only 32.5 cal./g. Thus, from the actual data 
obtained possible calculate the amount 
water which remains unfrozen 4.5°C per gram 
dry sample. 

The apparatus and procedure were basically the 
same previously described [23], but number 
modifications were introduced, dictated ex- 
perience. The freezing compartment was redesigned 
accommodate larger capsules that 2-g. cotton 
samples could used, thus increasing the precision 
the results the low moisture non- 
conductive liner was inserted the calorimeter 
tube decrease the possibility thermal exchange 
between capsule and wall during the introduction 
the capsule into the calorimeter. The calorimeter 
itself was modified include sheathed propeller 
for stirring, instead reciprocating perforated 
glass bucket. wire screen was inserted about 
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in. from the bottom the calorimeter prevent the 
capsules from striking the bottom and allow satis- 
factory circulation about the sample. electronic 
was also installed the calorimeter 
that water lost evaporation adherence 


the removed capsules could replaced accurately. 


This indicator permitted determined accuracy 
ml. the water content the calorimeter. 


Typical Curves for Specimens Conditioned Ad- 
sorption and Desorption 


Figure shows typical graphs the data obtained 
for cotton samples brought various moisture re- 
gains adsorption and desorption. The per- 
centage nonfreezing water plotted against the 
percentage freezing water, each being calculated 
the dry-sample basis. 

The specimens conditioned adsorption were 
first dried constant weight 56°C Abder- 
halden drier over phosphorus pentoxide vacuo. 
They were then conditioned constant humidity. 
The desired humidity was obtained aspirating air 
through several columns packed with beads and con- 
taining saturated salt solutions held constant 
temperature [7]. The humidified air was passed 
through the sample the same temperature until 
appreciable increase weight was noted. The 
moisture content was increased stepwise after each 
determination. 

The specimens conditioned desorption were 
prepared first drying constant weight vacuo 
over phosphorus pentoxide 56°C, soaking com- 
pletely the capsule for least hrs., and pour- 
ing off the excess water. After each determination, 
the moisture content was progressively lowered 
aspirating highly humidified air through the sample 
obtain subsequent points along the curve lower 


Dd 


NONFREEZING WATER 


FREEZING 

Fic. Typical curves for nonfreezing water vs. 
water (dry basis): raw cotton, and 
purified cotton, conditioned desorption; raw cot- 
ton, and purified cotton, conditioned adsorption. 
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moisture contents. After each desired total moisture 
content was reached, the sample was equilibrated 
holding 56°C the closed capsule for hr. 
more order minimize any inhomogeneity 
distribution the water. 

The points the upper curve Figure were 
obtained samples raw (solid triangles) and 
purified (open triangles) Acala cotton which weré 
conditioned progressive desorption, starting 
each case with the highest percentage total water. 
The process purification was that Corey and 
Gray [8] modified Kettering and Conrad [21], 
and involved extraction with ethyl alcohol followed 
2-hr. extraction with boiling sodium hy- 
droxide solution. apparent from this graph 
that the curves for the raw and purified samples are 
practically superimposable. The graph also shows 
that the moisture removed desorption, the 
percentage nonfreezing water remains constant 
21.5%, or, other words, that all the freezing 
water comes off before the sample releases any 
its nonfreezing water. This implies that the non- 
freezing water somehow held more tightly the 
cotton. 

The lower curve Figure shows the corre- 
sponding data obtained adsorption for the same 
raw (solid circles) and purified (open circles) sam- 
ples. all the water adsorbed 10% 
12% the nonfreezing type; the next 10% 
apparently, large proportion, the non- 
freezing type, but includes some freezing and 
the next 20% mostly freezing water, but 
includes some nonfreezing water. Again, the raw 
and purified samples show good agreement. 

hysteresis effect. total moisture content 
more than 12%, the samples conditioned desorp- 
tion had higher nonfreezing water value than those 
conditioned adsorption. possible, however, 
that this difference may have been caused in- 
homogeneity the distribution moisture the 
specimen. will noted that Figure points 
equal percentage total water lie straight 
line having negative slope which makes 45° 
angle with the two axes. For 30% total water, for 
example, this straight line would connect the 30% 
points the two axes. Thus, when specimen 
which has been inhomogeneously conditioned al- 
lowed stand, the values obtained for successive 
determinations all lie such 45° line and slowly 
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approach the correct value (where this line inter- 
sects the curve obtained desorption). some 
the earlier experiments, before the extreme im- 
portance careful conditioning was learned, erratic 
low results for nonfreezing water were obtained, es- 
pecially the total moisture range from about 20% 
50%, which are attributable this effect. 


Nonfreezing Water Capacity 


general, all curves are typified those shown 
Figure The important difference these 
curves for different fiber samples the magnitude 
the maximum nonfreezing water value, also re- 
ferred the nonfreezing water capacity, ex- 
pressed percent nonfreezing water the dry- 
sample basis. This can obtained from the curve 
for desorption, but can determined more con- 
veniently taking the average the results 
number measurements very high moisture 
levels. The values obtained replicate speci- 
mens are estimated accurate within 1%. 


Table summarizes the results obtained for the 
various types cottons and modified cottons in- 
vestigated, classified according the cotton varie- 
ties used. 


Raw and Purified Cottons Different Varieties 


significant difference was found between 
nonfreezing water capacities raw 
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cottons different varieties. The results for raw 
Acala, Empire, and Rowden and purified Acala and 
Empire cottons were all within their average, 
21%. This value remained the same after number 
wetting and drying cycles. 


Mature and Immature Cotton 


Mebane (Watson) cotton having maturity 
count 77% the caustic method was differen- 
tially dyed the method Goldthwait, Smith, and 
Barnett [12], procedure which the mature 
fibers are dyed red and the immature green. por- 


tion this sample was separated into two fractions, 


the one consisting red-dyed and the other green- 
dyed fibers. The results Table show signifi- 
cant difference between these two fractions and the 
original dyed mixture, indicating that maturity has 
appreciable effect nonfreezing water capacity. 
Since all three the values fell between 20.5% and 
21.5%, thus agreeing with the above values for raw’ 
and purified cottons, also follows that the effect 
the small amount dye present the cotton was 
not significant. 


Mercerized Cottons 


Samples Acala and Empire cottons were sub- 
jected mercerization the skein normal ten- 
sion (to retain its original length) 23% sodium 
hydroxide room temperature for min. The 
skein was then washed, soured, and finally washed 
thoroughly with distilled water. portion this 


TABLE NONFREEZING WATER CAPACITIES VARIOUS COTTONS AND 
Maximum nonfreezing water value (dry basis) 
Sample Acala Empire Other variety 
No. Description cotton samples (%) (%) (%) 
Purified 
Mature (red-dyed) 20.5 
Immature (green-dyed) 
Original dyed mixture samples and 21» 
Ordinary (dried) mercerized 
NaOH-swolien, washed, undried 
Sample dried solvent exchange 
Sample wetted out and dried 
Acetylated 13% acetyl 16.5 
Acetylated 27% acetyl 14.5 


Rowden [23]. 
Mebane (Watson). 
Unknown variety. 


Values parentheses were calculated the basis cellulose content. 
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was used for the undried mercerized 
other portion was air-dried with tension, and this 
was used for the dried mercerized samples. the 
latter case, course, the preparation the sample 
involved the usual drying vacuum before soaking 
with water. 

The mercerized samples before drying showed 
about double the percentage nonfreezing water 
compared the raw cotton, the values being 45% 
and 41% for the Acala and Empire cottons, respec- 
tively. After these samples had once been dried, 
however, about one-half the increase had been 
lost each case, the values being 31% and 30%, 
respectively. The difference between the values for 
the undried Acala and Empire cottons might have 
been caused the difference cotton variety 
merely variation the degree mercerization 
attained. 

The difference between the values for the maxi- 
mum nonfreezing water the undried and the dried 
mercerized samples has important implications. 
generally accepted that undried mercerized cotton 
highly swollen state, that deswells dry- 
ing, and that this deswelling is, certain degree, 
irreversible. The penetrability the undried mer- 
cerized cotton is, for example, known markedly 
greater than for the same sample after has once 
been dried. The fact that the capacity for holding 
nonfreezing water also reduced irreversibly the 
initial drying the mercerized cotton would indi- 
cate connection between the maximum nonfreezing 
water value and the degree distention the cellu- 
losic substance. This, turn, implies 
connection between the nonfreezing water capacity 
and the total available surface and the penetrability. 

obtaining the complete desorption curves for 
the undried mercerized samples, special precautions 
had observed carrying out the desorption. 
The relative humidity the stream air used 
the desorption must relatively high even for very 
high moisture contents; otherwise, slight local over- 
drying may take place. This seemed cause local 
irreversible deswelling which resulted perma- 
nent decrease the nonfreezing water those por- 
tions. The inhomogeneity was not dissipated the 
usual subsequent equilibration 56°C. Thus, in- 
stead remaining constant, the upper curve 
Figure the successive nonfreezing water values 
tended fall off markedly unless the drying was 
performed with extreme care. was found that 
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when such inhomogeneously dried sample was 
resoaked water, the curve obtained its care- 
ful desorption fell between those the undried and 
the dried mercerized samples, thus confirming the 
idea that some the loss nonfreezing water ca- 
pacity was lost irreversibly even partial drying. 
Using the above precautions, was found possible 
follow the desorption the undried mercerized 
Empire cotton having nonfreezing water capacity 
41% total moisture content about 51% 
without any appreciable loss nonfreezing water. 


Alkali-Swollen Cotton Dried Solvent Exchange 


Further evidence this nonreversible deswelling 
cotton was obtained from series experiments 
alkali-swollen cotton which had been dried 
solvent exchange following the exact procedure 
Assaf, Haas, and Purves [1]. This involved swell- 
ing 10% caustic soda solution 5°C, washing 
thoroughly, displacing the water with methanol and 
the methanol with benzene, and finally evaporating 
the benzene under anhydrous conditions. The sam- 
ple after washing and without drying had non- 
freezing water capacity 40%. 

solvent-exchange drying was found possible 
retain most the nonfreezing water capacity, 
the value being 36%. The fact that lower values, 
35% and 28%, were obtained for other similar 
preparations corroborates the statement Assaf 
al. that difficult attain reproducibility 
the preparation these solvent-exchanged sam- 
ples. Wetting out the solvent-exchanged sam- 
ples followed air drying caused the nonfreezing 
water capacity fall from 36% 27%. 


“Decrystallized” Cotton 


The nonfreezing water capacity was determined 
sample amine-swollen cotton prepared the 
method Segal, Nelson, and Conrad [30], using 
anhydrous ethylamine atmosphere nitrogen, 
washing with chloroform, and allowing the chloro- 
form evaporate under atmospheric conditions. 
was reported these authors have “crystal- 
24% the acid hydrolysis method [26]. 
Its nonfreezing water capacity was 30%, about the 
same for ordinary mercerized cotton, which 
also resembles that wetting, drying, and rewet- 
ting cycle did not seem produce any change its 
capacity hold nonfreezing water. 
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Nonfreezing Benzene 


Similar calorimetric measurements were made 
cotton samples saturated with benzene instead 
water and brought equilibrium 5.5°C 
The samples 
were prepared drying constant weight vacuo 
56°C and then flooding with liquid benzene. 
order calculate the percentage nonfreezing 
benzene, was necessary use extrapolated values 
for the specific heat supercooled liquid benzene. 
Because this and the fact that the heat fusion 
per gram benzene less than one-half that 
water, the absolute values the percentages non- 
freezing benzene are probably less reliable than the 
water values. 

sample dewaxed Empire cotton had non- 
freezing benzene capacity 24%. The same cotton 
after alkali swelling and solvent exchange through 
methanol and benzene the method Assaf al. 
[1], but without removal the benzene, gave value 
36%. The same sample subjected the usual 
removal the benzene controlled evaporation lost 
some its nonfreezing benzene capacity, shown 
the fact that when resaturated with liquid benzene 
gave value 29%. 


Partially Acetylated Cotton 


Complete desorption curves were obtained for 
three partially acetylated samples Acala cotton 
containing 13%, 22%, and 27% acetyl, corre- 
sponding roughly about and acetyls per 
glucose unit, respectively. The acetylations were 
carried out the yarn state the method 
Goldthwait, McLaren, and Voorhies [11]—that is, 
mixture about one part acetic anhydride 
three four parts glacial acetic acid 18°C, 
with perchloric acid catalyst. should kept 
mind that the degree acetylation may not have 
been homogeneous throughout the sample. 

shown Table the nonfreezing water ca- 
pacity cotton dropped sharply from 21.5% 
16.5% addition the first acetyl group per 
glucose unit, and further acetylation acetyl 
groups lowered the value 14.5% If, however, the 
percent nonfreezing water calculated the basis 
the cellulose originally present the sample, 
suggested the work Hoover and Mellon [18], 
who concluded that the regain cellulose was little 
affected acetylation calculated the basis 


TEXTILE RESEARCH 


NONFREEZING WATER, 


FREEZING WATER,% 


Fic. Nonfreezing water vs. freezing water 
(cellulose basis) for partially acetylated cottons con- 
ditioned desorption: 13% acetyl; 22% acetyl; 
27% acetyl. 


cellulose content, for all three acetylated 
samples about 19% compared 21.5% for the 
original unacetylated cotton. The complete curves 
calculated the basis cellulose content (Figure 
show the agreement the data obtained de- 
sorption various moisture contents. Thus, the 
data showing the effect acetylation the non- 
freezing water capacity cotton from either these 
points view indicate that major change takes 
place the initial stage, and that the effect com- 
paratively small the acetylation progresses further 
the range investigated. Additional information 
necessary for sound interpretation this be- 
havior. 


Discussion 


Correlation Water Capacities with 
Other Properties 


apparent from Table that there corre- 
lation between the nonfreezing water capacity 
cellulosic fibers and the values number other 
physical constants which increase with increase 
the degree distention, the total available sur- 
face, and the penetrability. Although the data 
the table were obtained from various sources and 
refer different sets samples, the differences 
the values reported for each physical property are 
such magnitude that the major trends are quite 
definite and significant from qualitative point 
view. general, increase the nonfreezing wa- 
ter capacity accompanied increase mois- 
ture regain, heat wetting, dye-absorption capacity, 
and percentage nonsolvent water. 

Similar rough correlations can also shown be- 
tween the nonfreezing water capacity and number 
other properties, such penetrability dyes, 
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rate dying, accessibility, proportion amorphous 
cellulose, and all which are 


enhanced high degree distention and greater 


surface. For example, the relative degrees pene- 
trability dyes [14] and the rate uptake dyes 
fall the same order the nonfreezing water 
values. Assaf, Haas, and Purves [1] found that 
alkali-swollen cotton which had been dried sol- 
vent exchange showed much greater accessibility, 
and concluded that had much larger “colloidal 
area and larger percentage amorphous 
cellulose than the original cotton. 

Similarly, the percentage amorphous cellulose, 
determined the hydrochloric acid hydrolysis 
method reported Philipp, Nelson, and Ziifle 
for raw cotton, 12% for purified cot- 
ton, for mercerized cotton, and 38% for 
high-tenacity viscose rayon. will noted that 
these are general agreement with the nonfreezing 
water values. The 
lized” cotton was exception this case, for al- 
though was 76% amorphous the hydrolysis 
method, had nonfreezing water capacity com- 
parable ordinary mercerized cotton. this con- 
nection, interesting note that unpublished 
nitrogen adsorption data Forziati [10] 
similar ethylamine-treated cotton having crys- 
tallinity 43% indicated that its surface area per 
gram when swollen water [19] was not markedly 
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greater than the corresponding value for the un- 
treated cotton. 

The so-called which 
measure the amount watef retained cen- 
trifuging under specified conditions, lower for raw 
than for mercerized cotton, and highest for undried 
mercerized cotton. The values reported Coward 
and Spencer [9], for example, are 50%, 60%, and 
115%, respectively, falling the same order the 
nonfreezing water capacities. 


Types Nonfreezing Water 


There are number reasons for believing that 
the sorbed moisture cellulosic fibers which does 
not freeze 4.5°C two types—viz., freezable 
and nonfreezable. That some will freeze the 
temperature lowered below 4.5°C proved 
the fact that the nonfreezing water capacity 
Rowden cotton was 14.5% com- 
pared 20% 4.5°C, and that the value for 
viscose rayon was 31% 13.6°C, compared 
41% [23]. seems probable that 
the temperature lowered further, minimum 
value for the nonfreezing water capacity would even- 
tually reached which would represent nonfreez- 
able water. Unfortunately, such data cannot 
obiained the present method because the required 
specific heat data for supercooled water low tem- 
peratures not available. There is, however, con- 


TABLE II. NONFREEZING WATER CAPACITY WITH OTHER PHYSICAL PROPERTIES 
CoTTON AND FIBERS 
Moisture 
tion, tion, 
Nonfreezing 90% 81% Dye Non- 
water R.H., Heat absorption solvent 
(%) (%) (%) (cal./g.) (%) (%) 
Ordinary (dried) mercerized 30-31 19.5, 18, 19° 1.6 8.2 
Ethylamine treated 
NaOH-swollen, dried solvent exchange 
Undried mercerized 41-45 2.5 10.9 
From data Wiegerink [36]; 25°C data were obtained extrapolation. 
Rees [28]. 
Knecht [22]. 
Tankard [34]. 
Morrison, Campbell, and Maass [25]. 
Data for 20°C were obtained from curves Urquhart, Bostock, and Eckersall [35]. 
Segal, Nelson, and Conrad [31]. 
Assaf, Haas, and Purves 
iHigh-tenacity 
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siderable evidence support the belief that some 
the nonfreezing water nonfreezable. 

the first place, there are numerous instances 
reported the which moisture held 
adsorption cannot caused freeze even very 
low temperatures. This has been claimed, for ex- 
ample, the case such substances coal [4], 
gelatin [20, 24], ferric oxide gel [3], silica gel [3], 
and even for cotton linters down 78°C [32]. 
Some these reports were based theoretical con- 
siderations and others experimental data. the 
second place, for cellulosic fibers there seems 
considerable reliable evidence that portion the 
sorbed water chemically bonded by, for example, 
hydrogen bonding the free hydroxyl groups the 
cellulose, least the noncrystalline intermicel- 
lar regions [13, 15, 27]. Champetier [6] and 
Hermans and Weidinger [17] reached this conclu- 
sion from x-ray data. This water would the 
nature water hydration water crystalliza- 
tion, and would therefore not expected trans- 
form ice even very low temperature. The 
work Champetier [5] and Tankard [34] 
nonsolvent water tends corroborate this idea. 

The data obtained Tankard [34] show 5.4%, 
8.2%, and 10.9% respectively, nonsolvent water 
for raw cotton, ordinary mercerized cotton, and cot- 
ton mercerized without subsequent drying, corre- 
sponding about 0.5, 0.75, and molecule per glu- 
cose unit. interesting note that although 
the values for the nonfreezing water for these modi- 
fications cotton are the same approximate ratio 
and molecules water per glucose unit— 
they are obviously higher than can accounted for 
the three free hydroxyls per glucose unit. This 
especially true because the calculation includes the 
glucose units the crystalline the amor- 
phous regions. Shipley, Campbell, and Maass [32] 
concluded from their experiments that 
water cotton linters would not 78°C. 
All these data are consistent with the idea that 
the nonsolvent water may correspond the non- 


TABLE III. 
Sample 
No. Treatment 
Dewaxed, raw 
NaOH-swollen, dried solvent exchange 
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freezable water, and that considerable portion 
the water which does not freeze 4.5°C would 
freeze lower temperatures. 


Nature Freezable Nonfreezing Water 


The freezable portion the nonfreezing water 
may perhaps best visualized water held 
form with previous theories the nature water 
cellulose. can calculated roughly [23] from 
the Kelvin equation the basis certain assump- 
tions that water held capillaries 
278 radius less would not freeze, and that 
when the temperature further lowered 13°C 
the water held capillaries from radius 278 
down would freeze. 

Recently some investigators [13, 15, 27] rejected 
the idea capillarity, and suggested instead that 
some the water (that which not held hydrate) 
held the relation simple solvent, the cellu- 
lose acting nondispersible solute. The present 
results nonfreezing water would conform equally 
well this concept, even combination the 
two, since either would account for the lowering 
the activity the water involved. However, the 
fact that the nonfreezing benzene values are the 
same order magnitude the nonfreezing water 
values (see Table difficult reconcile with 
the solvent theory. Benzene would not expected 
have any solvent action toward cellulose, nor 
would expected attach itself cellulose 
hydrogen bonds. the other hand, the similarity 
the nonfreezing water and nonfreezing benzene 
values conforms general with the capillarity 
theory. Therefore, implication, the present re- 
sults whole seem refute the solvent theory 
the water-cellulose system well. 

From the Kelvin equation can shown that 
benzene held capillaries less than 282 would 
not freeze the chilling temperature used 
the benzene experiments. This upper pore-radius 
limit practically identical with that for water 


NONFREEZING WATER AND NONFREEZING BENZENE CAPACITIES EMPIRE (Dry Basis) 


Nonfreezing water Nonfreezing benzene 


The benzene values are for samples prepared solvent exchange with methanol and then benzene. 


(wt. (ml./g.) (wt. (ml./g.) 
0.22 0.27 
0.40 0.40 
0.36 0.33 
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Therefore, neglecting the possible differ- 
ence between the effective density hydrogen- 
bonded water water hydration and that 
liquid water, the total volumes the nonfreezing 
water and the nonfreezing benzene per gram 
dry sample would expected equal for iden- 
tical cotton samples. 

Table III shows the relationship between the 
maximum nonfreezing water and nonfreezing ben- 
zene values for the three cotton samples investigated 
with both solvents. Also included are the corre- 
sponding volumes nonfreezing water and benzene 
per gram dry sample, assuming densities 1.00 
and 0.88 g./ml. for all the water and ben- 
zene, respectively. samples and the vol- 
umes are good agreement, but for sample the 
benzene value appreciably higher than might 
expected. Samples and are both alkali-swollen 
cotton treated that little deswelling took 
place, and therefore the total volume their capil- 
lary spaces would logically approximately the same 
whether they were immersed water benzene. 
Sample the other hand, undergoes consider- 
able swelling when saturated with water, but pre- 
sumably little none when saturated with benzene. 
would therefore expected that the total capil- 
lary volume for sample would greater water 
than benzene, which the reverse the relationship 
shown Table 

This apparently anomalous relationship between 
the water and the benzene values for the dewaxed 
cotton cannot explained conclusively until 
further evidence available. could explained 
could assumed that water held hydrogen 
bonding water hydration has effective 
density considerably less than liquid water. Actu- 
ally, however, experimental evidence has been re- 
ported [16] which shows that the water cotton has 
density appreciably higher than that liquid wa- 
matter speculation, the apparent 
anomaly might accounted for follows. the 
basis theoretical considerations and experiments 
the swelling wood, Barkas [2] showed that 
the lumens voids the unit cells increase size 
the cell swells. this takes place cotton, 
conceivable that the effective pore-size distribution 
the capillary spaces could changed swell- 
ing that the total volume capillaries below 278 
radius decreases, 
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Summary 


The calorimetric, heat-of-fusion method has been 
used determine the amount nonfreezing water 
present cotton and modified cotton fibers vari- 
ous moisture contents. desorption room tem- 
perature, all the water which will freeze 
4.5°C removed before the fibers release any 
the nonfreezing water. Data have been obtained 
show the effect variety, maturity, purification, 
mercerization, alkali swelling with 
solvent-exchange drying, ethylamine treatment, 


partial acetylation the nonfreezing water 


cotton fibers. 
general, the results seem indicate that the 


nonfreezing water capacity related the total 


available surface, the proportion amorphous cellu- 
lose, and the degree distention the wetted fibers. 
Thus, the treatments which result increase 
nonfreezing water capacity are those which lead 
(1) greater and more rapid penetrability dyes 
and finishing agents, (2) higher moisture regains, 
(3) higher heats wetting, (4) higher rates 
and, general, the enhance- 
those properties which are associated with greater 
distention and greater available surface area. 

The evidence available indicates that some the 
nonfreezing water will freeze lower temperatures, 
but that some nonfreezable. The nonfreez- 
ing benzene values seem refute the solvent theory 
and corroborate the theory capillarity for ex- 
plaining the lowered activity benzene cellulose 
and, therefore, implication, the lowered activity 
water cellulose. 
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The Exact Pattern Concentration-Dependent 
Diffusion Semi-infinite Medium, Part 


Hiroshi 
Fisheries, Faculty Agriculture, Kyoto University, Maizuru, Japan 


Introduction 


Recent experimental investigations the diffu- 
sion various low-molecular-weight substances 
into high-polymeric solids have made clear that 
these systems the diffusion coefficients are gen- 
erally very strongly dependent upon the concentra- 
tion the diffusing substances (see, for example, 
Attempts have been made obtain 
mathematical picture the diffusion process 
high-polymeric systems evaluating the diffusion 
equation involving variable diffusion coefficient. 
However, extensive development the mathe- 
matical analysis considerably hampered because 
the difficulty resulting mainly from the non- 
linearity the basic equation the problem. For 
instance, far the present author aware, 
exact solutions have not yet been obtained for 
nonsteady diffusion any system which the 
diffusion coefficient varies with the concentration. 
Some time ago, Crank and his coworkers [2, 
developed very useful method numerical solu- 
tion for unidimensional diffusion equation with 
any concentration-dependent diffusion coefficient, 
and with its application demonstrated some the 
very interesting properties associated with systems 
which the diffusion coefficient varies rapidly with 
the concentration the diffuser. Nevertheless, 
has not yet been possible, due the reason men- 
tioned above, check the validity this method 
comparing the numerical solutions thereby ob- 
tained with the corresponding exact solutions. 
view this situation, highly desirable obtain 
any exact solution the concentration-dependent 
diffusion problem, particularly for systems which 
the concentration dependence the diffusion co- 
efficient remarkable. 

Quite recently, the present author succeeded 
formal exact solution unidimen- 
sional diffusion semi-infinite medium which 
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the diffusion coefficient, D(C), varies with concen- 
tration, the following manner: 


where parameter. The formal solution 
presented herein, along with numerical computa- 
tion it. will shown, this form the 
diffusion coefficient, when chosen properly, 
gives plot showing very rapid increase 
considerably narrow range curve somewhat 
reminiscent the experimental result obtained 
Crank and Park [6] with polystyrene-chloroform 
system. would expected that the formal solu- 
tion obtained explains without ambiguity how char- 
acteristic change occurs diffusion process when 
the diffusion coefficient increases rapidly 
regarded discontinuous. 


The Formal Solution 


Consider the unidimensional diffusion sub- 
stance semi-infinite medium whose surface 
The diffusion equation then 


where the concentration the diffuser any 
point and any time, D(C) the diffusion 
time, and the space coordinate, whose origin 
set the surface the medium. mentioned 
above, the present paper deals with the case 
which 


(1) 


D(0) 
For the initial and boundary conditions which 


the required solution subject, shall adopt the 
following: 


D(C) (2) 


C=C, 


(3) 
(4) 


0). 
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this analysis, assumed that kept con- 
stant throughout the entire run. 
making the changes variables, 


D(C) 


the partial differential equation (1) then reduces 
ordinary differential equation the form 


and the auxiliary conditions (3) and (4) are trans- 
formed, respectively, 


(6) 


Also, 
(8) 

where 
(9) 


Following Crank and Henry [4], shall intro- 
duce new variable, place the rela- 


tionship 
0 
which gives, substitution equation (8), 
(10) 


With the new variable thus defined, the system 
equations for transforms 


(12) 

s=1 (13) 

where connected with the relationship 
The substitutions defined 

(16) 


TEXTILE RESEARCH 


transform equation (11) 


This equation can integrated, giving 
solution appropriate the present problem 


where and are integration constants, the 
mination which proceeds follows. 
First, seen readily from (12), (15), and (16) 


that This condition makes the 


‘determination possible, and then have 


Next, from condition (13), the following condition 
derivable: 


Substituting this and the above-mentioned first con- 
dition into equation (19), and performing some 
operations, follows that 


(22) 


Thus, equation (19) put into the form 


0 


with the introduction the following new vari- 
ables: 


(24) 

(25) 


The equation used determine the unknown pa- 


par 


the 
tio 


1952 


parameter obtained follows: 


which derived from equation (23) inserting 

gral equation (27) appears not evaluated 

closed form, that for practical purposes 

convenient treat given parameter. 

From equation (11) and the subsequent equa- 
tions, after some operations, expression for 


eliminating from this with the aid equation 
(23), there results 


The inte- 


(28) 


the other hand, combining equations (16), 
(23), and (24), the corresponding expression for 
derived 


‘ 


(30) 


Fic. Diffusion coefficient function 
concentration when 0.9650. 


Correspondingly, from equation (10) final expres- 
sion for obtained the form 


Equations (29) and (31) thus obtained constitute 
parametric representation the required solution 
vestigation. should noted that the param- 
eter these equations related the given 
parameter according equation (27). 


the limit when (or approaches zero, K(c) 
reduces unity, seen from equation (8), and 
this case the solution equation (5), subject 
conditions (6) and (7), well known, giving 


Thus, expected that the formal solution ob- 
tained above for with should reduce 
the form equation (32) the limit when 
approaches zero. 

approaches zero, the value will become 
infinitely large, that, this limit, the following 
approximation may established: 


Thus, this limit, equation (27) reduces the 
form 


(33) 


1 
1- 0.9650¢ 


Fic. curve. 


759 
ition 
ae 
(21) 
(23) 


760 


Following similar approximation, obtain from 
equation (29) the expansion for terms 


where 


Corresponding this, follows from equation (31) 
that 


combining equations (34) and (35), and making 


(36) 


which the same equation (32). 


Numerical Example 


numerical example, the case which 
then evaluated 0.9650. The integral involved 
equations (29) and (31) calculated numerically 
the use Simpson’s one-third rule. 

Figure shows the K(c) vs. plot this numeri- 
cal case. seen how rapidly the diffusion 
coefficient increases the very narrow range 
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interest note that this curve similar 
essential features the experimental vs. curve 
obtained Crank and Park [6] for the penetration 


chloroform into polystyrene sheet. Fig. 
ure the concentration-distance curves 
ing 0.9650 and are plotted with solid and 
dotted lines, respectively. This S-shaped curve 
clearly indicates how markedly the diffusion pattern 
affected the concentration the 
diffusion coefficient. 
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Book Reviews 


Chemistry Carbon Compounds: Vol. Part 
General Introduction and Aliphatic Com- 
pounds. Edited Rodd. Houston, 
Texas, Elsevier Press, Inc., 1951. 778 xxiii pages. 
Subscription price, $18.00; list price, 15% higher. 


(Reviewed Hildebrand, Jr., United States 
Testing Co., Boston, Mass.) 


This work, the first series five volumes, 
intended successor Richter’s Organic 
Chemistry. 

stated the Preface, the extensions 
edge organic chemistry and related fields have been 
great since the last revision Richter’s book that 
the decision was made completely rewrite the en- 
tire work. The Richter classification organic 
compounds has been retained spite certain im- 
perfections, since consideration the problem indi- 
cated that change might well introduce more com- 
plications than were removed. However, although 
the Richter system has been preserved, the writing 
new. Dr. Rodd has been assisted ably this 
undertaking six distinguished advisors and twenty- 
three contributors. 

The most casual comparison this book with Vol. 
the last edition Richter will quickly demon- 
strate the thorough, scholarly fashion which the 
has been carried out. The eleven essays 
making the General Introduction have resulted 
most significant expansion this part the 
work bring the reader comprehensive yet con- 
cise résumé the physical aspects organic com- 
pounds. Stereochemistry, reaction mechanisms, free 
radicals, and the effects light absorption embracing 
the significance ultraviolet, infrared, and Raman 
spectra have been given particular consideration. 

Approximately three-fourths the book are de- 
voted eleven chapters aliphatic compounds, be- 
ginning with the alkanes and following the Richter 
classification system through the chapter hydroxy- 
aldehydes and -ketones and related compounds— 
dicarbonyl compounds. index pages con- 
taining estimated 5,000 entries completes this 
book. 

The thoroughness with which this work has been 


find eight ten references original work per page 
text, and considerable number papers re- 
cent 1951 are noted. Frequent reference 
made summaries specialized works such 
Organic Reactions and Organic Syntheses. 

The book well made and printed good paper 
clear, readable type face. The number words 
per page appears somewhat less than found 
the last edition Richter, but this considered 
worth-while sacrifice the interests in- 
creased legibility. The freedom from typographical 
errors testimony excellent proofreading. 

the remaining volumes this work meet the 
high standards established this first book, 
this reviewer’s opinion that Dr. Rodd and his as- 
sociates have performed most difficult task faith- 
fully and well, and their efforts should find welcome 
place the libraries chemists everywhere. 


The Development Some Man-Made Fibres. 
pers presented the 1951 Annual Conference 
The Textile Institute. Manchester, England, The 
Textile Institute, 1952. pages. Price, $1.75. 
(Available through the Book Dept., Fairchild Pub- 
lications, Inc., East St., C.) 

The authors the three papers which comprise 
the book are well-known authorities, pioneers the 
field. The papers are follows Cellulose-Derivative 
Rayons, Past, Present, and Future, Urqu- 
hart; The Historical Development and the Out- 
look for Viscose Fibres, Hegan; and The 
Development the Synthetic Fibres, Loasby. 
They furnish comprehensive history the develop- 
ment man-made fibers. 

Actually, the book more than indicated the 
title. addition tracing the history the early 
developments, with the attendant trials and errors, 
present-day methods and fiber properties are dis- 
cussed, and some attempt made forecast the fu- 
ture. Excerpts from some important patents are in- 
cluded, and the documentation appears thorough. 

interesting note that the first British 
patent rayon production, Andemars’ method 
drawing fiber from solution cellulose nitrate 
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alcohol exactly the method employed 
the Chinese about 3,000 years earlier their efforts 
produce fibers from the collected secretions 
silkworms. 

All all, this book will invaluable students 
and newcomers the industry, and also refer- 
ence work. Its thorough documentation brings to- 
gether all needed information concerning the historical 
development these fibers. 


Vinyl and Related Polymers. Calvin Schild- 
knecht. New York, John Wiley Sons, Inc., 1952. 
723 pages. Price, $12.50. 


(Reviewed Martin Gurley, Jr., Pawtucket, 


The recent rapid and extensive growth the use 


polymers synthetic rubbers, plastics, and textiles 
fully justifies this book. The author has thoroughly 
reviewed the literature, both historic and recent, 
prepare this excellent summary knowledge 
vinyl process and product facts through 1951. 

Vinyl acetate, chloride, ether, and ketone, together 
with acrylic, acrylonitrite, vinylidene 
ene, and, isobutylene (monomers, polymerization, 
polymers, and related products), well sulfur- 
and nitrogen-vinyl compounds, are fully covered. 

Each section discusses the monomers concerned, 
their polymerization (both theoretical and practical), 
and the properties and applications the resulting 
compounds. addition, there included list 
the American and European trade names manu- 
facturers the commercially available products dis- 
cussed each section. The patent listings are com- 
plete. The section styrene relies major part 
recently published book styrene, which suc- 
cessfully avoids needless duplication effort and 
publications. Little-known recently discovered 
reactions polymers are well covered. 

This book highly recommended those inter- 
ested synthetic textiles, film-forming polymers, 
combinations thereof. will prove ex- 
tremely valuable literature reference source for those 
concerned with the production use such ma- 
terials textile sizings, synthetic blood plasma, 
safety-glass interlayers, ion-exchange resins, wet- 
strength papers, transparent wrappings. 


TEXTILE RESEARCH 


The typography excellent, but some the 
lustrations commercial applications seem out 
place text this quality. 


Review Textile Progress. Vol. 
lished jointly The Textile Institute, Manchester, 
England, and the Society Dyers and Colourists, 
Leeds, England, 1951. 482 pages. Price, 


(Reviewed Wakelin, Textile Research 
Institute, Princeton, J.) 


Volume the Review Textile Progress isa 
detailed report the scientific and technical litera- 
ture textile research and development, published 
primarily during 1949 and 1950. This volume, like 
its predecessor, ambitious undertaking, with 
some 2,300 references publications, including 
British well American patents issued during 
this period. Although the two years 1949 and 1950 
are covered rather extensively the Review, refer- 
ence the earlier literature cited where relevant 
background material the various subject material 
discussed. The breadth the subject matter reflects 
the scope the whole textile field, ranging from the 
properties the natural and 
through the mechanisms translating these raw 
materials into finished textile structures the dis- 
cussion the properties these textile structures 
terms the special uses for which they are in- 
tended. Twenty-six contributors have prepared sec- 
tions for the Review, which edited Hall 
well, and Withers Associate Editors. 

The first section, concerned with the chemistry and 
physics fibrous materials, particular interest 
the textile research scientist. The first section 
concluded with discussion the physics and chem- 
istry bast fibers and rayon and other manufac- 
tured fibers. 

The section fiber production includes reviews 
cotton, long vegetable fibers, silk, other 
manufactured fibers, and nylon. 

short section deals with the conversion fibers 
into finished yarns and discusses techniques and ma- 
chinery for drafting and spinning, together with some 
the recent work the theory drafting and spin- 
ning and methods for controlling and improving 
yarn regularity. 
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Papers the preparation fibers for fabric pro- 
duction are reviewed. these chapters attention 
given novel designs machinery and improve- 
ments existing equipments, particularly such 
operations winding, warping, sizing, weaving. 
Control equipment, such warp let-off motions for 
controlling warp tension, automatic weft mechanisms, 
and the design and operation other loom compo- 
nents including loom drives, are treated the sec- 
tions cotton and rayon and wool. Fabric 
geometry and physical properties, controlled 
woven designs and affected the in- 
creased use man-made fibers, are reviewed the 
chapter fabrics. The final chapter fabric pro- 
duction reviews the subject material knitting, 
lace, and embroidery processes, similar the mate- 
rial covered Volume 

Two sections the Review concern the problem 
color—one section coloring matters, which 
new dyes are discussed, and the other the coloring 
textiles, which attention given the dyeing 
process, including machinery and procedures, and 
the dyeing properties cellulose, wool, nylon, ester 
rayons, and synthetic fibers, from the point view 
research studies and practical applications. The 
literature the field textile printing reviewed 
also. 

The subject finishing divided among wool 
fabrics and fabrics other than wool.. This section 
contains rather extensive review the machinery 
developments the finishing field and special fin- 
ishes for raising, coating, rubberizing, and stiffening. 
Special finishes for water-repellency, flameproofing, 
rotproofing, crease-resistance, shrink-resistance, and 
permanent glaze are also reviewed. 

section analysis, testing, grading, and de- 
fects includes discussion the following fields: 
standardization, statistical methods, fiber distribu- 
tions, levelness products, determination tensile 
properties, moisture determination, abrasion and fab- 
ric testing, spectroscopical and chemical tests, estima- 
tion damage, and fastness tests. 

Included review the literature launder- 
ing and dry cleaning. 

the final section are reviewed the publications 
building and engineering dealing with power sup- 
ply and transmission, the transport and handling 
materials, plant construction and maintenance, and 
factory lighting. 
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The Review well written, and recommended 
summary reading for the textile scientist and the 
textile technologist. the practical mill man cer- 
tain sections the Review will interest, es- 
pecially those concerned with production techniques, 
such drawing, spinning, weaving, knitting, dyeing, 
finishing, and: special textile treatments. 

References the literature appear footnotes 
throughout the text name and subject index also 
included, giving the page numbers which the 
specific references may found. 


American Handbook Synthetic Textiles. 
Herbert Mauersberger, Editor-in-Chief. New 
York, Textile Book Publishers, Inc., 1952. 1217 
pages. Price, $10.80. 


Similar arrangement, style, and scope the 
previous well-known textile handbooks, this latest 
book dealing with rayons and synthetics timely 
and welcome addition the series. up- 
to-date and comprehensive, describes concisely the 
methods used for the manufacture man-made 
yarns and staple fiber, and describes considerable 
detail the methods presently employed America for 
their manufacture into fabrics. 

The advent recent years new fibers with dif- 
fering characteristics has necessitated the develop- 
ment new processing techniques. There has been 
bewildering array revolutionary developments 
machinery and techniques. spite the fact that 
further developments are the horizon, result 
research, the basic information this handbook 
will have lasting and invaluable reference value. 

The material has been assembled from wide 
variety authoritative sources and includes chapters 
contributed some twenty individuals who are spe- 
cialists the subjects they present. The first 104 
pages are devoted general historical background 
and the economics and statistical background. Chap- 
ters and cover the preparation cellulose and 
cellulose fiber, yarns, and tow processes. Succeed- 
ing chapters, starting with discussions the manu- 
facture nylon yarn and staple and synthetic 
fibers, filaments, and yarns, deal with processing. 
Included are the processing staple; winding, con- 
ing, and the preparation filling warping and warp 
throwing and twisting; and dyeing. Chap- 
ters fabrics discuss synthetic grey goods construc- 
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tion, the manufacture knit goods, synthetic piece 
goods printing, and performance standards for rayon 
fabrics. The book replete with tabular data, 
charts, and excellent half-tone illustrations. 

appendix contaias the new F.T.C. rayon and 
acetate trade practice rules, the rayon, nylon, and silk 
converting rules, and hosiery rules. There also 


compilation related books and literature references. 


Textile Printing. Fred Jacobs. New York, 
Chartwell House, Inc., 1952. 229 pages. Price, 
$5.00. 


(Reviewed Rupp, Pacific Mills, 
Lyman, C.) 


This short volume, written simple and 
easily readable language, dealing with color formula- 
tions for printing various fabrics. 
the author for not hesitating use trade names when 
the material group materials more widely 
known the trade name than unrecognizable 
technical name. The title slightly misleading be- 
cause very little said about the actual printing the 
text primarily about materials for textile printing. 

not look for any new discoveries startling 
technical revelations, for, the author states his 


TEXTILE RESEARCH 


aimed chiefly the textile student beginner rather 
than the expert with many years experience. 

The first chapters are devoted classes and types 
dyes used printing and very brief description 
the existing fibers. These are followed 
sory glance methods used for preparing different 
fabrics for the printing operation, before getting into 
the main theme—a discussion methods and 
rials for making print color 

The greater part the text concerns colors for 
cotton printing and covers the field quite well that 
few, any, types colors processes are omitted, 
Specific formulations are given liberally this 
tion. The subsequent chapters viscose, silk, wool, 
acetate, nylon, and glass fabrics are less detailed. 
likely the case short volume that tries 
cover such wide front, there are instances 
oversimplification and some presentations “factual” 
that might -better labeled “opinions.” 

All all, volume well worth having the 
library the textile printer, not only for the begin- 
ner, but also for the experienced chemist colorist 
who may need refresh his memory some for- 
gotten formulas and can’t take the time hunt them 
more detailed works. 
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